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Purpose. This study tests the hypothesis that gene transfer efficiency
may be improved through the use of transiently stable transfection
complexes that degrade within endosomal compartments and pro-
mote plasmid escape into the cytosol.
Method. An acid labile cationic lipid, O-(2R-1,2-di-O-(1�Z, 9�Z-
octadecadienyl)-glycerol)-3-N-(bis-2-aminoethyl)-carbamate
(BCAT), was designed, synthesized, and tested for enhanced gene
transfer activity relative to non-labile controls.
Results. The O-alkenyl chains of BCAT were completely hydrolyzed
after 4 h incubation in pH 4.5 buffer at 25°C. Addition of BCAT to
plasmid DNA in 40%ethanol followed by ethanol evaporation
yielded transfection complexes that transfected several cell types in
the presence of fetal calf serum and without the need of a helper lipid.
Transfection complexes prepared from BCAT displayed higher lucif-
erase expression than the corresponding DCAT complexes (an acid-
insensitive derivative of BCAT) for all cell types tested. Uptake stud-
ies showed that this increase was not due to a difference in the
amount of DNA being delivered. FACS analysis for GFP expression
showed that BCAT transfection complexes yielded 1.6 more trans-
fected cells and 20%higher log mean fluorescence than DCAT trans-
fection complexes. In vivo gene transfer was demonstrated in subcu-
taneous tumor-bearing mice by systemic administration of a 60 �g
plasmid dose. Expression was observed in the lungs and in the tumor,
with the highest activity being observed in the lungs.
Conclusions. Our results show that increased transfection can be

obtained by coupling the cationic headgroup to the hydrophobic am-
phiphilic tails via acid-labile bonds. Acid-catalyzed release of the
alkyl chains should facilitate dissociation of the cationic lipid head-
group from the plasmid, thus accelerating one of the rate-limiting
steps in cationic lipid mediated transfection.
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INTRODUCTION

Nonviral gene therapy (1–4) has been applied to the
treatment of cancer, cardiovascular disease, and the develop-
ment of vaccines against infectious pathogens. (Concerns with
immunogenicity, toxicity, and viral gene integration, along
with a limited loading capacity, surround the use of viral vec-
tors in human gene therapy, despite their demonstrated suc-
cess.) Most often, the therapeutic gene to be delivered is en-
coded within plasmid DNA that has been propagated and
isolated from bacteria. The plasmid can be administered by
itself (i.e., free DNA) or formulated with a variety of cationic
synthetic gene delivery vehicles. The vehicles may be com-
prised of simple polyamines (5,6); bulk polymers (7–9); block
copolymers such as PEG-co-PEI (10–12); polypeptides (in-
cluding poly-L-lysine) (13,14); protamine sulfate (15,16); pep-
tide nucleic acids (17); loligomers (18), polyamidoamine den-
drimers (19,20); or cationic liposomes (2,21–23). Initial at-
tempts to improve transfection efficiencies with cationic
liposomes have employed headgroup and hydrophobic region
modifications as a means for improving lipoplex formation,
stability, and efficacy. Although this strategy has led to an
extensive library of cationic lipids that have produced modest
increases in transfection efficiency, an improved knowledge
of cationic lipid structure-activity relationships has evolved
from these studies. For example, increasing the amine content
(24–26) or increasing the alkyl region fluidity (27) generally
leads to increased transfection. Manipulation of the formula-
tion parameters by incorporation of targeting agents or neu-
tral, fusogenic lipids (e.g., DOPE or cholesterol) also leads to
modest improvements in transfection (28), although efficien-
cies are still lower than for viral based vectors. Cationic lipo-
some carriers are typically formulated from a cationic lipid,
such as DOTMA, DOTAP, DMRIE, DOGS, and a helper
lipid like DOPE. Mixing of cationic liposomes with plasmid
DNA yields a transfection complex with a large and variable
loading capacity. These complexes are believed to enter the
cell by endocytosis, where subsequent expression of the trans-
gene requires the plasmid to escape from the endosomal com-
partment and be transported into the nucleus for transcrip-
tion. Each step in this sequence represents a potential cellular
or molecular barrier for attaining efficient transfection. Zab-
ner and coworkers (29) identified endosomal escape and dis-
assembly as the most formidable obstacles to efficient gene
delivery. These issues are difficult to address because the
mechanisms responsible for controlling endosomal escape are
unknown and the molecular determinants required to effect
plasmid release and nuclear translocation are equally unclear.
Thus, inefficient transgene expression in most cases is likely
due to suboptimal complex design.

In some cases these problems have been partially miti-
gated by the development of vehicles that utilize enzymatic
cleavage (30,31), disulfide cleavage (32–34), ester cleavage
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(35,36), and pH induced phase transition (37) to destabilize
the complex and facilitate endosomal escape. Based on our
prior work with diplasmenylcholine as a vehicle that pro-
motes cytoplasmic delivery of liposomal contents from acidic
endosomes (38,39), we designed an acid-labile, cationic vari-
ant of diplasmenylcholine for use as a transfection agent. We
now report on O-(2R-1,2-di-O-(1�Z,9�Z-octadecadienyl)-
glycerol)-N-(bis-2-aminoethyl)-carbamate (BCAT, Fig. 1), a
cationic analog of diplasmenylcholine that utilizes a similar
glyceryl bisvinyl ether backbone to effect acid-catalyzed
phase transitions. We hypothesized that acid-catalyzed hydro-
lysis of the vinyl ether linkages in this cationic lipid would
facilitate both endosomal escape via destabilization of the
endosomal membrane and disassembly by increasing the ex-
changeability of the cationic head group. O-(1,2-Di-O-(9�Z-
octadecyl)-glycerol)-N-(bis-2-aminoethyl)-carbamate
(DCAT), a saturated diether analog of BCAT, was also syn-
thesized as a control to test this hypothesis. In the present
study we describe the structure, degradation, and transfection
properties (in vitro and in vivo) of BCAT and DCAT com-
plexes relative to an optimized formulation of DOTMA:Chol.

RESULTS

Synthesis of BCAT and DCAT

The diethlyenetriamine cationic headgroup for both
BCAT and the acid-insensitive control compound, DCAT,
were coupled with their corresponding dialkyl glyceryl ether
anchors as shown in Fig. 1. Mixed carbonates were generated
by condensation of the alcohol precursors, (2R)-1,2-di-O-
(1�Z, 9�Z-octadecadienyl)-glycerol (1) and 1,2-di-O-(9�Z-

octadecenyl)-glycerol (2), with dipyridyl carbonate (DPC) in
the presence of triethylamine for 2–4 days. Subsequent addi-
tion of 1,5-diphthalamidyldiethylenetriamine yielded the pro-
tected carbamates (3, 4) in 69% yield after chromatography.
These intermediates were then deprotected with hydrazine
hydrate to give BCAT and DCAT in 20% overall yield start-
ing from O-(t-butyldiphenylsilyl)-sn-glycerol (40). Thin layer
chromatography (TLC), mass spectrometry (MS), and 1H/13C
nuclear magnetic resonance (NMR) values confirmed the
structure and purity of BCAT and DCAT.

Hydrolysis of BCAT

BCAT hydrolysis was measured under acidic conditions
at 25°C using 1H NMR and at 37°C using reversed phase
high-performance liquid chromatography (RP-HPLC). The
expected hydrolysis pathway is shown in Fig. 2A assuming
that protonation of the vinyl ether �-carbon is the rate-
determining step as reported by Kresge and coworkers for a
wide variety of vinyl ether substrates (41). Addition of water
to the intermediate carbocation generates a hemiacetal that
decomposes to generate one equivalent of fatty aldehyde and
a single chain cationic lipid fragment (lyso-BCAT) that exists
in two isomeric forms depending on whether the cleavage
reaction is initiated at the sn-1 or sn-2 vinyl ether bonds.
Regardless of the lyso-BCAT intermediate formed in the first
step, hydrolysis of the second chain could either proceed in
the same fashion (i.e., generating a second equivalent of al-
dehyde) or the protonated lyso-BCAT carbocation interme-
diate could be intramolecularly trapped by the proximal glyc-
erol hydroxyl, thereby generating a cyclic acetal species
(BCAT-acetal). This acetal would also be prone to acid-

Fig. 1. Synthesis of BCAT and DCAT from their dialkenylglycerol or dialkylglycerol precursors, respectively.
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catalyzed hydrolysis, albeit at rates that are typically much
slower than for vinyl ethers.

The rates of BCAT hydrolysis determined by RP-HPLC
are shown in Fig. 2B. The peak corresponding to BCAT de-
creased very rapidly under the acidic reaction conditions (pH
1.0), losing 80% of its initial area within 200 min (less than 3%
remained after 24 h). This rapid decrease in the BCAT con-
centration correlated with the rapid onset of a second peak
with a mass that corresponds to lyso-BCAT and/or BCAT-
acetal (m/z 469). This peak reached its maximum area at ∼120
min, then slowly decreased to less than 20% after 24 h. Hy-
drolysis of BCAT at pH 4.5 followed a slower kinetic re-
sponse, with approximately 30% cleavage occurring within
200 min. The time-dependent 1H-NMR analysis of BCAT
hydrolysis is shown in Fig. 2C. Very rapid loss of the vinyl
ether �-proton peaks (∼6.0 ppm) and concomitant onset of an
aldehyde peak at 9.7 ppm was observed within 5 min. Inte-

gration of the aldehyde peak indicated >90% aldehyde prod-
uct formation after 10 min. A doublet at 4.8 ppm correspond-
ing to the BCAT-acetal ring proton was also observed, al-
though it appears to be only a very minor component (<5%,
data not shown). Taken together, these studies suggest that
BCAT hydrolysis does not involve significant formation of
BCAT-acetal, but proceeds instead to the fully hydrolyzed
materials, 1-octadecenal and O-(1-glyceryl)-N-(bis-2-
aminoethyl)-carbamate (GCAT).

Transfection Complex Formation

BCAT and DCAT transfection complexes were formed
by adding the lipids to plasmid DNA in an isotonic 40%
ethanol/dextrose solution, followed by removal of the ethanol
under vacuum. The final DNA concentration was 0.6 mg/ml,
with lipid:DNA charge ratios of 2:1, 4:1, or 6:1. Dynamic light

Fig. 2. Acid catalyzed hydrolysis of BCAT. (A) Proposed hydrolysis pathway for BCAT. Cleavage of one vinyl ether chain yields
lyso-BCAT plus one equivalent of aldehyde. Cleavage of the second chain yields an additional equivalent of aldehyde and GCAT.
BCAT-acetal may be produced via a competing intramolecular trapping side reaction or may accumulate via equilibration with
GCAT. (B) Time-dependent BCAT hydrolysis at pH 1.0 followed via HPLC: � BCAT disappearance kinetics. � Lyso BCAT
formation and disappearance kinetics. (C) Time-dependent 1H-NMR spectra of BCAT hydrolysis reaction (90%CD3CN: 10%
D2O (0.2 M DCl)) monitored at the vinyl ether � proton (6.05 ppm) and the aldehyde proton (9.68 ppm) resonances.
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scattering analysis of the transfection complexes yielded an
average diameter range between 300–400 nm, with a polydis-
persity value indicative of a heterogeneous size distribution.
Polydispersity was also observed during freeze fracture elec-
tron microscopy analysis of the 4:1 BCAT:DNA complexes
shown in Fig. 3. The majority of particles ranged between 50
and 300 nm (Fig. 3A); however, some aggregates approached
1 �m in diameter (Fig. 3B). The smaller particles were spheri-
cal, multilamellar structures. No evidence of nonspherical
structures was apparent (42).

Optimization of Formulation and Transfection

The transfection efficiency of BCAT and DCAT were
optimized for lipid:DNA charge ratio and helper lipid molar
ratio by monitoring transgene expression of luciferase activity
in NIH-3T3 cells. These experiments were performed under
two DNA dose regimes (0.2 �g/well and 1.0 �g/well). Studies
were also conducted in the presence and absence of 10%
serum in the medium. Both BCAT (Fig. 4A) and DCAT (Fig.
4B) exhibited optimum levels of activity at �4:1 +/− charge
ratios. For both formulations, the difference between the 0.2
�g dose and the 1.0 �g dose diminished at a 4:1 charge ratio.
Serum was found to enhance transfection by a factor of 5–10
at all charge ratios examined. The observed luciferase activi-

ties was also typically five- to tenfold higher for the acid-labile
BCAT formulations compared with the nonlabile DCAT
complexes. At a 4:1 +/− charge ratio, both BCAT and DCAT
exhibited two to three orders of magnitude higher levels of
expression compared with an optimized DOTMA:Chol for-
mulation. While maintaining the optimal 4:1 +/− charge ratio,
the effect of DOPE on luciferase activity was also probed
(Fig. 5). A slight enhancement in activity was observed in
BCAT and DCAT formulations containing 20 mol% DOPE.
Further increase in the DOPE molar ratio led to decreased
transgene activity. Because the effect of DOPE on expression
levels was found to be small, it was omitted in all subsequent
transfection experiments. It was also noted that no significant
loss in transfection activity was observed for BCAT and
DCAT transfection complexes stored at 4°C for 1 week,
whereas similar treatment of DOTMA:Chol formulations re-
sulted in a 40% decrease in activity.

Lipid toxicity was also probed by incubating NIH-3T3
cells for 24 h in the presence of BCAT, DCAT, and
DOTMA:Chol transfection complexes. Visual observation of
the cells treated with 4:1 BCAT:DNA revealed normal cell
proliferation and morphology with no obvious signs of toxic-
ity. The cells treated with DCAT exhibited reduced prolif-
eration with >50% cells showing a contracted morphology.
Likewise, cells treated with DOTMA:Chol exhibited reduced

Fig. 3. Freeze fracture electron microscopy of 4:1 BCAT:DNA complexes. Bars
represent 100 nm. (A, B) Examples of the large aggregates formed. (C, D)
Representative population of monomeric particles and small aggregates.
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proliferation; significant cell death (25–50%) was also observed,
with all remaining cells in a contracted morphologic state.

Transfection in Multiple Cell Lines

We compared transfection levels for optimized formula-
tions in four cell lines: NIH-3T3, SCCVII, RENCA, and
HUVEC (Fig. 6). BCAT exhibited similar luciferase activity
in all four cell lines, with expression levels that averaged five
to eight times greater than those observed for DCAT. BCAT
expression levels were two to three orders of magnitude
higher than for optimized DOTMA:Chol formulations in all
cell lines except HUVEC.

Transfection Complex Uptake and Expression

Experiments designed to detect different levels of trans-
gene uptake and expression were then performed using fluo-

rescence assisted cell sorting (FACS) to monitor the relative
efficiencies of BCAT, DCAT, and DOTMA:Chol formula-
tions. A psoralen-labeled plasmid was used to track uptake
levels and a plasmid encoding green fluorescence protein
(GFP) was used as an indicator of expression levels (Fig. 7).
After a 4-h exposure of NIH-3T3 cells to the transfection
complexes, FACS analysis showed that DOTMA:Chol for-
mulations were 2.5 times more effective in promoting plasmid
uptake than BCAT and 4 times more efficient than DCAT. In
spite of their lower uptake levels, BCAT transfection com-
plexes promoted 1000 times more GFP expression than
DOTMA:Chol, whereas DCAT was 360-fold more effective
than DOTMA:Chol (i.e., 1000:360:1 relative efficiency based
on GFP expression). In each formulation, greater than 95%
of all cells were positive for plasmid uptake; however, both
BCAT (50%) and DCAT (32%) showed significantly higher
percentages of GFP-expressing cells than DOTMA:Chol

Fig. 5. Effect of helper lipid (DOPE) on the transfection efficiency
of BCAT and DCAT monitored by luciferase activity in NIH-3T3
cells (4:1 +/− charge ratio; 1.0 �g/well DNA). Expression levels are
shown for BCAT:DOPE (�) and DCAT:DOPE (�) at molar ratios
of 100:0, 80:20, 50:50, 20:80. The observed luciferase activity for
DOTMA:Chol was 2031 ± 278 at 1 �g /well DNA loading. Control
cells exhibited background luminescence of 179.9 ± 41.1. Expression
levels are reported as mean activity ± standard deviation (n�4).

Fig. 6. Comparison of luciferase activity across multiple cell lines for
BCAT (�) and DCAT(�). Cells were transfected with 1.0 �g of
DNA added per well with a lipid:DNA charge ratio of 4:1. Control
cells exhibited background luminescence of 49 ± 0.6, 52 ± 8.0, 40 ± 10,
and 286 ± 127 for NIH-3T3, SCCVII, RENCA, and HUVEC cells,
respectively. Expression levels are reported as mean activity ± stan-
dard deviation (n�4).

Fig. 4. Optimization of complex formation and transfection conditions in NIH-3T3 cells followed by expressed
luciferase activity in the presence and absence of 10% serum. (A) BCAT: � 0.2 �g DNA/well, + 10% serum; �; 1.0
�g DNA/well, + 10% serum; 1.0 �g DNA/well without serum. (B) DCAT: � 0.2 �g DNA/well, + 10% serum; �

1.0 �g DNA/well, + 10% serum; 1.0 �g DNA/well without serum. The observed luciferase expression levels for
DOTMA:Chol in the absence of serum were 1116 ± 126 at 0.2 �g /well DNA loading and 2031 ± 278 at 1 �g /well
DNA loading. Control cells exhibited background luminescence of 49.3 ± 0.6. Expression levels are reported as
mean activity ± standard deviation (n�4).
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(9%). Thus, the observed relative transfection efficiencies for
BCAT, DCAT, and DOTMA:Chol on a per cell basis were
5.6:3.6:1, respectively.

In Vivo Transfection

A comparison of in vivo chloramphenicol acetyltransfer-
ase (CAT) expression levels in lung and subcutaneous SCC-
VII tumor is shown in Fig. 8. C3H mice were administered a
90 �g dose of DNA (0.3 mg/ml) via a tail vein administration
of in vitro-optimized cationic lipid:CAT plasmid formulations
(i.e., 4:1 +/− charge ratio for BCAT and DCAT and 3:1 charge
ratio for DOTMA:Chol). The lung and tumor tissues were
harvested after 48 h and CAT expression characterized via
enzyme-linked immusorbent assay ELISA assay. DOTMA-
:Chol complexes produced 1000 times more expression in
lung relative to tumor. In contrast, BCAT transfection com-
plexes displayed only tenfold higher expression levels in lung,
presumably due to reduced lung uptake levels, with identical

expression levels in tumor compared with the DOTMA:Chol
standard. It is important to note that the formulation charac-
teristics were visibly different for BCAT and DCAT in these
experiments. BCAT complexes were well tolerated and
showed no indications of acute toxicity. All mice treated with
DCAT formulations, however, died shortly after the treat-
ment regime. Although no detailed toxicology was per-
formed, the DOTMA complexes produced small, white, ne-
crotic spots in the liver, whereas none were observed in the
livers of animals treated with BCAT complexes. These ob-
servations suggest that DCAT and DOTMA have higher in
vivo toxicities arising either from the lipids themselves or due
to the biophysical properties of their complexes under sys-
temically circulating conditions.

DISCUSSION

At present, most lipid-based gene therapy formulations
are inefficient and acutely cytotoxic, making them impractical
for many clinical applications. Because endosomal escape and
transfection complex disassembly within the cell have been
shown to be among the most significant barriers for successful
transgene expression (28,29), we hypothesized that incorpo-
ration of an acid-labile vinyl ether linkage into the cationic
lipid would improve the gene transfer efficiency by (i) facili-
tating endosomal escape, (ii) improving the rate of complex
disassembly, and (iii) degrading the cationic lipid carrier to
biocompatible components. The viability of this approach has
been previously demonstrated with diplasmenylcholine
vesicles that are stable at pH 7.4, but degraded within acidic
endosomal compartments to promote efficient cytoplasmic
delivery via endosomal membrane destabilization and/or fu-
sion (38,39,43). If BCAT-based transfection complexes are
also internalized via an endocytotic pathway, acid-catalyzed
vinyl ether hydrolysis might promote endosomal escape via a
similar mechanism. In addition, once separated from the lipid
anchor, it is likely that the diethylenetriamine headgroup may
be more accessible to cellular cation exchange, thereby im-
proving the bioavailability of the transgene.

BCAT and DCAT both formed transfection complexes
that were physically stable and retained >90% of their activity
for at least 1 week. Although small particles were the pre-
dominant form in solution, the large aggregates observed in
these samples may be the result of particle aggregation me-
diated by plasmid DNA condensation of multiple small par-
ticles to give multilamellar structures (44). In addition, trans-
fection complexes formed from BCAT and DCAT exhibited
(i) optimal transfection levels at a 4:1 +/− charge ratio,
(ii) improved transfection activity in the presence of 10%
serum, and (iii) slightly improved transgene expression on
incorporation of DOPE as helper lipid. Most notably, BCAT
and DCAT transfection complexes produced consistently
high levels of transfection across four different cell lines
(NIH-3T3, SCCVII, RENCA, and HUVEC) relative to
DOTMA:Chol controls.

At an optimized 4:1 +/− charge ratio, BCAT formula-
tions typically exhibited three orders of magnitude higher
transgene expression than an optimized DOTMA:Chol for-
mulation, despite a 2.5-fold less efficient cellular uptake ac-
tivity. DCAT also showed inefficient uptake; however, the
internalized complexes displayed 300-fold higher transgene
activity than DOTMA:Chol complexes. Because BCAT typi-

Fig. 7. DNA uptake vs. GFP expression in NIH-3T3 cells monitored
by FACS analysis. � Uptake of psoralen-labeled DNA after 4 h
incubation with transfection complexes and washing to remove un-
bound material. � Expression of GFP 24 h after treatment with
transfection complexes. In both cases the data are reported as log
mean fluorescence of the population ± standard deviation (average of
two experiments).

Fig. 8. In vivo gene transfer following IV administration of BCAT
transfection complexes. BCAT and DOTMA:Chol based transfection
complexes were formed with a CAT expression plasmid. A 90-�g
plasmid dose was administered via the tail vein in SCCVII tumor
bearing C3H mice. Tissue was harvested 24 h after administration and
analyzed for CAT expression in � lung and � tumor.
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cally showed only three- to fivefold higher levels of transgene
activity and expression than DCAT, a common mechanism of
action is suggested for both BCAT and DCAT transfection
complexes. These observations generally support the design
principle of degradative enhancement of transgene expres-
sion; however, they do not directly explain the surprisingly
high levels of DCAT expression relative to BCAT. We infer
from these results that competing complex dissociation path-
ways may be operating in addition to the acid-catalyzed deal-
kylation route engineered into the BCAT lipid vehicle. It is
likely that the diethylenetriamine headgroup used in these
experiments may be the primary structural element leading to
increased transgene expression. This could arise from an in-
tramolecular cationic headgroup cleavage reaction involving
carbamate attack by a distal (free) amine to displace a cyclic
urea fragment from the dialkylglycerol backbone (Fig. 9). It
could also occur by involvement of the decomplexation/
endosomal escape mechanism proposed by Szoka and co-
workers (45,46). In the latter case, membrane-membrane con-
tact between the transfection complex and the negatively
charged target membrane induces anionic lipid flip-flop that
facilitates displacement of DNA across cellular membrane
barriers. The diethylenetriamine headgroup may be unusually
active in promoting this mechanism for BCAT and DCAT
transfection complex disassembly, leading to a substantial in-
crease in transgene activity relative to DOTMA:Chol. If this
premise is correct, then it is the concurrent BCAT acid hy-
drolysis mechanism that is responsible for the additional
three- to fivefold increase in activity relative to DCAT. A
third possibility is that both BCAT and DCAT transfection
complexes escape the endosome via similar mechanisms, but
that downstream cellular processing events (e.g., disassembly,
intracellular transport, protease digestion, or nuclear localiza-
tion/processing) proceed at different rates.

Toxicity is another key issue in many cationic lipid gene
delivery formulations. Reduced toxicity has been achieved by
incorporation of biologically cleavable linkages such as esters,
amides, and carbamates (33). The serum stability and phar-
macokinetics of these systems, however, may be adversely
affected by degradation in vivo catalyzed by plasma factors
during circulation. The use of a serum stable, disulfide linkage
was shown to decrease in vitro toxicity relative to a nonre-
ducible analog and DC-Chol controls (33). In our studies a
relative toxicity order of BCAT < DCAT < DOTMA:Chol
was observed. NIH-3T3 cells treated with 4:1 BCAT:DNA
transfection complexes for 24 h exhibited normal prolifera-
tion and no morphologic changes, whereas cells treated with
DCAT exhibited decreased proliferation and contracted mor-
phology in more than 50% of the population. Cells treated
with DOTMA:Chol showed reduced proliferation and 25–

50% cell death; all remaining cells displayed a contracted
morphology. Taken together, these results suggest that the
vinyl ether and carbamate cleavable linkages improve the bio-
logic compliance of BCAT and DCAT in vitro relative to
DOTMA:Chol.

Preliminary in vivo experiments conducted with in vitro-
optimized BCAT, DCAT, and DOTMA:Chol formulations
showed that BCAT transfection complexes exhibited modest
levels of CAT activity and no obvious signs of toxicity. Inter-
estingly, BCAT transfection complexes showed less CAT ex-
pression in the lung relative to DOTMA:Chol, while main-
taining similar expression levels in a subcutaneous SCCVII
tumor and in the liver. Although full assessment of in vivo
transfection activity would require more extensive dose-
response and biodistribution studies, this initial analysis
shows that, with the exception of lung, BCAT complex ex-
pression levels were higher in tumor than any other organ.
The additional observation that all mice treated with DCAT
died, whereas none of the mice treated with BCAT exhibited
any obvious signs of toxicity, also suggests that the acute in
vivo toxicity of BCAT is low. Thus, the choice of the diethy-
lenetriamine headgroup in connection with acid-catalyzed
separation of the cationic headgroup from the hydrophobic
anchor appears to significantly reduce the toxicity of BCAT
transfection complexes. These results further suggest that
BCAT may be a viable in vivo transfection agent, especially
with formulation modifications such as the incorporation of
polyethylene glycol and targeting agents to further enhance
their specificity for delivery of toxic genes to tumor cells.

In summary, the incorporation of acid-labile linkages in
cationic lipids bearing diethylenetriamine headgroups leads
to significantly increased transgene activity and reduced tox-
icity relative to a commonly used, optimized DOTMA:Chol
formulation. The acid-labile linkages of BCAT generated
smaller increases in transgene activity relative to DCAT than
expected, suggesting that the hydrolysis/disassembly mecha-
nism may be slow relative to endosomal escape and process-
ing promoted by the diethylenetriamine headgroup. A more
acid-labile linkage would, therefore, be expected to speed up
the cleavage reaction. Current efforts are directed toward
examining this hypothesis.

EXPERIMENTAL

Synthesis of BCAT and DCAT

2,2�-Dipyridyl carbonate was purchased from TCI
America (Portland, Oregon). DOPE was obtained from
Avanti Polar Lipids (Alabaster, Alabama). All other com-
pounds were purchased from Aldrich (Milwaukee, Wiscon-
sin) and used without further purification unless otherwise
stated. Triethylamine and diisopropylamine were distilled
from CaH2. Spectrophotometric grade solvents were dried
over an appropriate desiccant and then distilled before use.
All reactions were performed under an argon atmosphere.
BCAT was synthesized as previously described (40). DCAT
was synthesized in five steps from 3-O-(t-butyldiphenylsilyl)-
rac-glycerol as outlined in Fig. 1. The purities of BCAT and
DCAT (>98%) were established by NMR, MS, and TLC.
Lipids were stored frozen as benzene solutions until needed
to prevent the acid-catalyzed degradation that can occur with
extended storage of chloroform solutions. After 10 months,Fig. 9.
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NMR analysis indicated that no significant degradation oc-
curred in benzene stock solutions that were stored under
these conditions.

O-(1,2-Di-O-(9�Z-octadecyl)-glycerol)-N-(bis-2-
phthalamidylethyl)-carbamate (4)

1,2-Di-O-(9�Z-octadecyl)-rac-glycerol (2, 516 mg, 0.87
mmol), 2,2�-dipyridyl carbonate (282 mg, 1.3 mmol) and tri-
ethylamine (1.8 ml, 12.9 mmol) were stirred for 2 days in 20
ml CH2Cl2 before extracting the reaction mixture with 5%
NaHCO3 (75 ml) and saturated brine (75 ml). The CH2Cl2
layer was dried over Na2SO4, filtered, and evaporated. The
resulting oil was redissolved in CH2Cl2 (20 ml), 1,5-
diphthalamidyl diethylenetriamine (337 mg, 0.93 mmol)
added and the reaction stirred for 2 days. The solution was
evaporated and the crude mixture purified via flash chroma-
tography (3:2 hexane: ether), yielding 592 mg of a pale yellow
oil (69% yield). TLC (1:2 hexane: ether, UV, acidic molyb-
date/heat): Rf � 0.33. 1H-NMR (C6D6): 0.89 (t, J�6 Hz, 6H),
1.1–1.45 (m, 44H), 1.45–1.67 (m, 4H), 2.07 (m, 8H), 3,32–3.75
(m, 15H), 4.02 (m, 2H), 5.48 (m, 4H), 6.92 (m, 4H), 7.47 (m,
4H). 13C-NMR (C6D6): 14.3 (O), 23.1 (E), 26.6 (E), 27.7 (E),
29.6-30.2 (E), 32.3 (E), 33.1 (E), 36.0 (E), 45.4 (E), 46.2 (E),
65.2 (E), 70.6 (E), 71.3 (E), 71.7 (E), 77.3 (O), 123.0 (O), 130.1
(O), 130.2 (O), 132.5 (E), 132.7 (E), 133.3 (O), 133.5 (O),
156.0 (E), 167.7 (E), 168.0 (E).

O-(1,2-Di-O-(9�Z-octadecyl)-glycerol)-N-(bis-2-
aminoethyl)-carbamate (6)

O-(1,2-O-Dioleyl-rac-glycerol)-N-(di-2-phthal-
amidylaminoethyl)-carbamate (4, 160 mg, 0.16 mmol) was
dissolved in 60 ml methanol before the addition of hydra-
zine hydrate (1.0 ml, 21 mmol). The reaction was stirred for
1 day, then evaporated to dryness, yielding an off-
white precipitate. Chloroform (50 �l) was added and the
insoluble side product removed via filtration. The filtrate
was evaporated and dried in vacuo overnight, yielding
116 mg of a pale yellow oil (99% yield). TLC (80:19.5:0.5
CHCl3:MeOH:NH4OH, UV, acidic molybdate/heat): Rf �
0.80. 1H-NMR (C6D6): 0.89 (t, 6H), 1.1-1.45 (m, 44H), 1.45-
1.65 (m, 4H), 1.9-2.2 (m, 8H), 2.63 (t, J�6 Hz, 4H), 3.00-3.80
(m, 11H), 4.26 (dd, J1�9 Hz, J2�5 Hz, 1H) 4.47(dd, J1�10
Hz, J2�5 Hz, 1H) 5.48 (m, 4H), 13C-NMR (C6D6): 14.3 (O),
23.1 (E), 26.6 (E), 27.7 (E), 29.6-30.2 (E), 32.3 (E), 33.1 (E),
35.5 (E), 41.0 (E), 41.3 (E), 51.1 (E), 51.3 (E), 65.0 (E), 70.5
(E), 71.1 (E), 71.8 (E), 77.5 (O), 130.2 (O), 130.7 (O), 156.7 (E).

BCAT Hydrolysis

The hydrolysis of BCAT was monitored via 200 MHz
1H-NMR. BCAT (4 mg) was dissolved in CD3CN (500 �l)
and its spectrum recorded. Then, 50 �l of 2% or 0.2% DCl in
D2O was added, the sample maintained at room temperature
for the duration of the experiment, and NMR spectra re-
corded at various time points.

BCAT hydrolysis was also monitored via RP-HPLC. In
this case, 4 mg of BCAT was dissolved in 1 ml methanol and
200 �l removed for the time zero measurement. Then 320 �l
of 1 N or 0.1 N HCl was added and the mixture stirred at 37°C
for the duration of the experiment. At each time point a 280
�l aliquot was removed; the sample was then neutralized with

80 �l 1N NaOH and extracted with 200 �l chloroform. The
chloroform layer was evaporated under N2 flow and redis-
solved in 50 �l fresh, deacidified chloroform. The samples
were then injected onto a Waters Spherisorb® 4.6 × 150, 5 �m
octadecasilane column (Milford, Massacheusetts) using an
isocratic 80:20 methanol:methylene chloride mobile phase
and a SEDEX 55 evaporative light scattering detector
(Sedere, Alfortville, France). The expected aldehyde product
was observed primarily as its hydrated form, based on syn-
thetic reference standards. Unfortunately, this equilibrium
produced inconsistencies with the aldehyde-aldehyde hydrate
extraction making it difficult to accurately quantify both the
production of aldehyde as well as the disappearance of BCAT
via this procedure.

Preparation of Transfection Complexes

DNA stock solutions (1.2 mg/ml) were prepared in 40%
absolute ethanol containing 250 mM glucose, 25 mM NaCl, at
pH 6 (adjusted with dilute acetic acid). Lipid stock solutions
for transfection complex formation were prepared by dissolv-
ing a thin lipid film in 40% absolute ethanol containing 250
mM glucose, 25 mM NaCl, pH 6 at lipid concentrations that
depended on the desired lipid:DNA ratio. The pH of these
solutions was then adjusted to 6 using acetic acid. Complexes
with 2:1, 4:1, and 6:1 lipid:DNA charge ratios and final DNA
concentrations of 0.6 mg/ml were prepared by slowly adding
the appropriate amount of DNA stock to an equivalent vol-
ume of lipid stock. The solutions were carefully evaporated
and then placed under vacuum overnight to remove traces of
ethanol. The samples were then rehydrated to the same final
concentration using sterile H2O.

DOTMA:Chol formulations were prepared as described
previously (47). After preparation of the DNA stock solution
(600 �g/ml, 10% lactose) and the lipid stock solution (4:1
DOTMA:Cholesterol, 11.59 mM in DOTMA, 10% lactose),
the desired amount of DNA stock was then slowly added to
an equal volume of lipid stock with mild vortexing, yielding
a final DNA concentration of 300 �g/ml at an optimized
3:1 +:-charge ratio.

Freeze Fracture Electron Microscopy

A 100-�l sample of 4:1 BCAT:DNA complex was pre-
pared as described above. Glycerol was added to the sample
for cryoprotection (final glycerol concentration <20% v/v).
Approximately 10 �l of this solution was placed on a copper
sample holder and then rapidly cooled by immersion into
liquid ethane. The frozen samples were transferred to a Bal-
zers 400T (Furstenstum, Lichtenstein) freeze fracture appa-
ratus maintained at −120°C. The samples were then fractured
and sputtered at a 45° angle with platinum, followed by car-
bon deposition at a 90° angle. The organic material was then
digested overnight with bleach and the replicas observed with
a Phillips CM 12 microscope (Hillsboro, Oregon) operating at
60 kV.

In Vitro Transfection

Twenty-four well plates were seeded with NIH-3T3,
RENCA, SCCIIV, or HUVEC cells at densities of 6 × 104

cells/well and then incubated in cell appropriate media for 24
h at 37°C and 5% CO2. The media was then carefully re-
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moved, replaced with 1 ml of media containing transfection
complexes (1 or 0.2 �g/ml DNA) and the cells incubated for
4 h. The transfection media was then carefully removed,
washed with phosphate buffered saline, replaced with fresh
media, and reincubated for an additional 24 h prior to analy-
sis.

Luciferase Assay

The media was removed and the cells washed two times
with 1 ml phosphate buffered saline (PBS, -Mg, -Ca). Lysis
buffer (500 �l, Promega E4030, Madison, Wisconsin) was
added and the cells were stored at –80°C overnight. After
thawing, cell lysates were removed from the wells via pipette
and transferred to 1.5 ml microcentrifuge tubes. The tubes
were centrifuged for 5 min at 9000 rpm, and 20 �l of each
supernatant was removed and placed in an opaque 96-well
plate. Luminescence was monitored for 30 s/well following
the addition of luciferase assay reagent (100 �l, Promega
E4030) using a luminometer. The luminescence intensity was
then corrected by normalizing for total cellular protein con-
tent as determined via a modified Lowry assay.

Total Protein Assay

Total protein in cell lysate supernatant solutions was
monitored utilizing the BIO-RAD detergent compatible pro-
tein assay (500-0112, Hercules, California) and bovine serum
albumin (BSA) standards. Reagent solution (200 �l) and 5 �l
of standard or sample solution were combined in a 96-well
plate, gently shaken for 10 min, then incubated at 37°C for 1
h. Absorbance was measured using a plate reader and con-
verted to protein concentrations using a standard curve.

Fluorescence Activated Cell Sorting

Uptake

BCAT, DCAT, and DOTMA:Chol transfection com-
plexes were prepared at optimal 4:1, 4:1, and 3:1 +/− charge
ratios, respectively, with a psoralen labeled plasmid. NIH-3T3
cells were seeded at 6 × 104 cells/well 24 h prior to treatment
with complexes. The media was removed and replaced with
1 ml transfection media (1 �g/ml DNA) and the cells were
incubated for an additional 4 h. The cells were then washed
two times with PBS (-Mg, -Ca), trypsinized, transferred to
centrifuge tubes with PBS, and centrifuged. The supernatant
was removed and the cells resuspended in PBS before FACS
analysis. Uptake was measured by gating for cells positive for
psoralen fluorescence.

Expression

BCAT, DCAT, and DOTMA:Chol transfection com-
plexes were prepared at optimal 4:1, 4:1, and 3:1 +/− charge
ratios, respectively, with a psoralen labeled plasmid. NIH-3T3
cells were seeded at 6 × 104 cells/well 24 h prior to treatment
with complexes. The media was removed and replaced with 1
ml transfection media (1 �g/ml DNA) and the cells were
incubated for an additional 4 h. The transfection media was
replaced with fresh media and the cells incubated for 24 h.
The cells were then washed two times with PBS (-Mg, -Ca),
trypsinized, transferred to centrifuge tubes with PBS, and

centrifuged. The supernatant was removed and the cells re-
suspended in PBS before FACS analysis.

In Vivo Transfection

BCAT, DCAT, and DOTMA:Chol transfection com-
plexes were prepared at optimal 4:1, 4:1, and 3:1 +/− charge
ratios, respectively, with a CAT expression plasmid (47). Ten
days after subcutaneous implantation of SCCVII tumor cells,
C3H mice were administered a 90 �g dose of DNA via tail
vein injection. Forty-eight hours after administration, lung
and tumor were harvested and analyzed for CAT expression
via ELISA assay.
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