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A panel of lipidic tetraalkylammonium chlorides has been prepared and screened in studies of
both lipid hydration and in vivo mouse transfection. The effect of cationic lipid structure on
liposome surface hydration was determined using differential scanning calorimetry. Increases
in headgroup steric bulk and the inclusion of cis-unsaturation in the hydrophobic domain led
to greater lipid hydration, indicative of a decrease in lipid polar domain associations. Cationic
lipids containing hydrogen-bonding functionality in the polar domain exhibited a corresponding
decrease in observed lipid hydration, indicative of an increase in lipid polar domain associations.
To explore a potential correlation of the hydration data with transfection activity, we examined
the in vivo transfection activity of the lipid panel by direct intratracheal instillation of cationic
liposome-DNA complexes into BALB/c mice. The more active transfection agents were the
lipids that featured headgroup structures promoting close polar domain association in
combination with fatty acyl cis-unsaturation. The hydration data suggest that the more effective
transfection lipids for mouse lung delivery are those possessing the greatest imbalance between
the cross-sectional areas occupied by the polar and hydrophobic domains.

Introduction

The potential to treat diseases via intracellular
delivery of exogenous polynucleotides continues to
motivate research in the burgeoning field of gene
therapy. Gene-based therapies have been proposed for
a variety of diseases including cystic fibrosis,1,2 malig-
nant melanoma,3,4 and Gaucher’s disease.5,6 These and
other7 applications of gene therapy, however, have been
encumbered by inefficient in vivo delivery of polynucle-
otides or by accompanying immunological and/or toxicity
complications.8,9

Synthetic cationic lipids have emerged as a promising
alternative to viral-based technologies for gene
therapy.10,11 Cationic lipids have been investigated
extensively for their ability to facilitate the transfer and
expression of foreign genes in a variety of cell types, both
in vitro and in vivo.12,13 The relative simplicity associ-
ated with the preparation of an active cationic lipid-
polynucleotide complex, referred to as a lipoplex, and
the ease of lipoplex administration combine to afford a
method that is amenable to therapeutic development.
However, the problem of suboptimal gene delivery
remains as the principal obstacle in many in vivo
applications. In some studies, it has been revealed that
cationic lipids do not significantly enhance the delivery
of DNA in comparison to treatments using uncomplexed
(“naked”) DNA.14 This problem, and the added difficulty
in achieving reproducible levels of in vivo activity,15
underscores a need for the continued development of
cationic lipid formulations.
As part of our program aimed toward the development

of lipoplex preparations for use in pulmonary gene
delivery, we have focused on the relationship between
cationic lipid structure and in vivo transfection activ-

ity.12,16 The development of efficacious lipoplex prepa-
rations for the transfection of lung tissues potentially
may be useful in the treatment of a variety of pulmonary
diseases including cystic fibrosis.17,18 Our previous
studies have concentrated on optimizing pulmonary
gene delivery in mice.12,16 An analysis of hydrophobic
domain structure indicates that cationic lipids possess-
ing fatty acyl side chains that destabilize close lipid
packing either through side chain dissymmetry or by
the presence of cis-unsaturation have enhanced murine
lung transfection activity.12 Also, an analysis of the
anionic counterion, a polar domain component, suggests
that certain counterions improve plasmid DNA trans-
fection by effecting a greater polar domain dehydra-
tion.16 A possible interpretation of these separate
observations is that either the destabilization of hydro-
phobic domain packing or a decrease in the extent of
polar domain hydration may afford liposome prepara-
tions that are more prone to undergo a localized
reorganization to form nonbilayer structures.19 This
propensity for lipid reorganization may facilitate the
process of membrane fusion.20,21 Hence, the noted
increase in transfection activity may result from the
improved ability of the lipid-DNA complex to undergo
membrane fusion. Since the propensity of lipids to
undergo bilayer reorganization is related to both the
polar and hydrophobic domain structures, it is antici-
pated that a combination of polar domain features that
promote surface dehydration and hydrophobic domain
features that discourage close side chain packing may
result in more effective in vivo transfection agents.
The present study seeks to confirm the influence of

cationic lipid polar domain hydration on in vivo trans-
fection activity. By measuring the extent of lipid
hydration, the influence of structure on associations
between neighboring lipids may be evaluated.22 The
extent of lipid hydration may be estimated from mea-
surements of the percent unfrozen water associated with
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cationic liposome preparations using subambient dif-
ferential scanning calorimetry.23 The use of cationic
liposome preparations having similar composition to
complex and deliver plasmid DNA (luciferase) into
mouse lung would then establish the relative transfec-
tion efficacies. Consequently, the cationic liposome
preparations were formulated using equimolar amounts
of dioleoylphosphatidylethanolamine (DOPE):cationic
lipid in both the hydration and transfection studies. In
this way, the relationship between cationic lipid struc-
ture and hydration may be correlated with in vivo
transfection activity. Herein we present the results of
these hydration and murine lung transfection studies.
To influence the extent of cationic lipid hydrophobic

and polar domain associations, a panel of dioleoyl and
dimyristoyl tetraalkylammonium salts were prepared
by quaternization of amines 1 and 2a-f using various
alkyl halides (eq 1, Table 1). The dioleoyl and dimyris-

toyl side chains were selected on the basis of conclusions
from our previous study12 of the hydrophobic domain
influence on DNA transfection of murine lung. The
spatial packing arrangement of the dimyristoyl lipids
was expected to be more closely associated than the
packing of corresponding dioleoyl analogues. The polar
domain structures have been selected to independently
assess the steric and hydrogen-bonding influences on
lipid surface hydration. Cationic lipid polar domain
steric influences on lipid hydration and murine lung
transfection were determined by preparing unfunction-
alized tetraalkylammonium salts varying in polar do-
main bulk and alkyl chain length (g-i and l-m).
Increases in polar domain bulk and alkyl chain length
were anticipated to decrease lipid association, thereby
increasing the lipid surface hydration. The influences
of hydrogen-bonding functionality in the cationic lipid
polar domain were assessed by preparing hydroxy- and
methoxy-functionalized tetraalkylammonium salts (j-k
and n-o). The addition of hydrogen-bonding function-
alities to the polar domain was anticipated to promote
closer lipid-lipid associations, thereby decreasing the
lipid surface hydration. By examining the analogous
cationic lipids using an in vivo transfection model, it
was anticipated that a correlation between lipid struc-
ture and transfection activity might be confirmed.
Consequently, structural features of benefit in overcom-
ing the limitations faced by nonviral gene transfer
technologies might be identified.

Results

Influence of Cationic Lipid Structure on Lipid
Surface Hydration. The lipid hydration study shows
(Figure 1) that the dioleoyl derivatives (series 1, Table
1) consistently had more lipid-associated water than the
corresponding dimyristoyl derivatives (series 2). The
influence of the dioleoyl hydrophobic domain typically
masked the polar domain influence on lipid-lipid as-
sociation. This is evidenced by the insignificant changes
in lipid hydration among the polar domain derivatives
for the dioleoyl series. A lowering in lipid hydration is
observed when hydroxyl or methyl ether functionality
is introduced (e.g., DOMEP (1k), DODHP (1n), DODMP
(1o) vs DOTAP (1g)). Statistical analysis of the hydra-
tion data for DOMEP and DODHP vs the prototypical
unfunctionalized lipid DOTAP indicates the lowering is
statistically significant at a 95% confidence level, and
DODMP vs DOTAP is significant at an 80% confidence
level.
For the dimyristoyl lipids, the influence of the polar

domain structure on lipid-lipid associations was more
pronounced. An increase in the chain length of one or
more of the alkyl groups directly attached to nitrogen
generally corresponded to an incremental increase in
the observed mean hydration value. The increase in
hydration is evident when the DMTAP (2g) hydration
value is compared with those obtained for DMPAP (2i),
DMDEP (2l), or DMTEP (2m). The dimyristoyl deriva-
tives that contain hydroxyl functionality (DMRI (2j) and
DMDHP (2n)) exhibited the lowest mean hydration

Table 1. Cationic Lipid Preparation (eq 1) and Polar Domain Abbreviation

tertiary amine R3X polar domain variant abbr

a: R1, R2 ) CH3 CH3I g: R1, R2, R3 ) CH3 -TAP
a: R1, R2 ) CH3 CH3CH2I h: R1, R2 ) CH3, R3 ) CH2CH3 -EAP
a: R1, R2 ) CH3 CH3CH2CH2I i: R1, R2 ) CH3, R3 ) CH2CH2CH3 -PAP
b: R1 ) CH3, R2 ) CH2CH2OH CH3I j: R1, R3 ) CH3, R2 ) CH2CH2OH -RI
c: R1 ) CH3, R2 ) CH2CH2OCH3 CH3I k: R1, R3 ) CH3, R2 ) CH2CH2OCH3 -MEP
d: R1, R2 ) CH2CH3 CH3I l: R1, R2 ) CH2CH3, R3 ) CH3 -DEP
d: R1, R2 ) CH2CH3 CH3CH2I m: R1, R2, R3 ) CH2CH3 -TEP
e: R1, R2 ) CH2CH2OH CH3I n: R1, R2 ) CH2CH2OH, R3 ) CH3 -DHP
f: R1, R2 ) CH2CH2OCH3 CH3I o: R1, R2 ) CH2CH2OCH3, R3 ) CH3 -DMP

Figure 1. Lipid hydration as a function of modified polar
domain structure for two hydrophobic domain series. The data
are presented as the moles of water per mole of lipid (based
on the average molecular weight of the cationic lipid and
DOPE). Solid bars represent the dioleoyl series; open bars
represent the dimyristoyl series.
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values. For these derivatives, conversion of the hy-
droxyl functionality to the corresponding methyl ether
counteracted the hydroxyl effect and resulted in an
increase in lipid hydration. For example, DMMEP (2k)
and DMDMP (2o) were found to contain roughly 25%
more lipid-associated water than their hydroxyl coun-
terparts.
Optimization of Transgene Expression in Mu-

rine Lung. Two structurally dissimilar lipids (DODMP
(1o) and DMDHP (2n)) were selected to represent the
range of structural features present in the lipid panel.
Lipoplexes containing DODMP and DMDHP were
screened using a luciferase assay to determine optimal
murine lung transfection conditions (Figures 2A and B).
The DNA dose and the ratio of the cationic lipid to DNA
(e.g. cationic lipid:DNAphosphate charge ratio) were
varied to optimize the luciferase expression. We ob-
served that these variables influenced both the level of

measured transgene expression in murine lung tissue
and the observed condition of the treated mice. Figures
2A and 2B show that lipoplex preparations containing
DODMP or DMDHP with a cationic lipid:DNA charge
ratio less than 0.5 exhibit low mean values of transfec-
tion activity. For the DNA doses investigated, the
DODMP and DMDHP lipoplexes were generally most
active at a lipid:DNA charge ratio of 2.0. The impact
of treatment on the physiological condition of the mice
was proportional to the cationic lipid:DNA charge ratio,
an effect that was more pronounced at higher DNA
doses.
By comparing the results presented in Figures 2A and

2B, some differences were observed in the levels of
luciferase expression for a given formulation, and the
concomitant effects on the physiological condition of the
mice also varied. At charge ratios greater than 1.5, the
observed luciferase expression in mouse lung after

Figure 2. In vivo comparison of cationic lipid-mediated DNA transfection. Female BALB/c mice were transfected with the plasmid
pNDCLux using (A) DODMP/DOPE and (B) DMDHP/DOPE cationic liposome preparations. Intratracheal installations of the
lipoplexes were performed as described in the experimental procedure. Results are summarized in bar graph form as the mean
(n ) 4) and reported in relative luciferase light units obtained from samples of trachea/lung blocks lysed 24 h after treatment
with the described amount of plasmid DNA. The condition of the mice after lipoplex delivery was scored as follows: 1, bright,
alert, responsive; 2, eyes dull, significant piloerection, lethargic behavior; 3, significant piloerection, mice completely unresponsive
with eyes closed, heavy labored breathing; 4, <50% fatality; 5, >50% fatality.
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administration of lipoplexes containing DODMP was
less responsive to the dose of DNA than analogous
treatments using lipoplexes containing DMDHP. Like-
wise, lipoplexes with DODMP generally were more toxic
when prepared at high DNA doses with high charge
ratios than the corresponding DMDHP lipoplexes. For
example, intratracheal administration of 100 µg of
pNDCLux complexed with DODMP/DOPE at charge
ratios of 2.0 or higher resulted in a greater than 50%
fatalities. However, under identical formulation condi-
tions, this mortality rate was not observed using lipoplex
preparations containing DMDHP.
Plasmid DNA Transfection of Murine Lung.

Noting that the DODMP and DMDHP lipoplex prepara-
tions were generally most active while least toxic at the
2:1 charge ratio, lipids 1,2g-o were examined using
lipoplexes containing 20 and 40 µg doses of plasmid
DNA formulated at a 2:1 cationic lipid:DNA charge
ratio. The comparative study was performed at two
different DNA dose conditions to help minimize any bias
toward a particular lipid or structural feature.
The results from the administration of 20 and 40 µg

of luciferase reporter gene are given in Figures 3A and
3B, respectively. With the exception of the -EAP (at
20 µg), -RI (at 20 µg), and DHP (at 20 and 40 µg)
variants, the dioleoyl derivatives were found to be
significantly more active than the corresponding dimyris-
toyl derivatives. The relative differences in activity
were dependent on DNA dose. The polar domain
variations also led to changes in observed luciferase
expression for a given hydrophobic domain. The most
active lipids in both screens were those containing polar
domain functionalization. The tetraalkylammonium
lipids (unfunctionalized: -TAP, -EAP, -PAP, -DEP,
and -TEP) exhibited an inverse correlation between the
polar domain size and transfection activity. This trend
was particularly evident among the dimyristoyl deriva-

tives and also was observed with the dioleoyl derivatives
at the 40 µg dose. With the exception of DMTAP at the
20 µg dose, the administration of free DNA was found
to be significantly less active than any lipoplex prepara-
tion at either dose.
At the lower dose (20 µg, Figure 3A), the dioleoyl

lipids possessing methyl ether functionality (DOMEP,
DODMP) were more active than their hydroxyl coun-
terparts. DODMP exhibited roughly a 4-fold improve-
ment in activity vs DODHP, and likewise, DOMEP
exhibited a similar 4-fold improvement vs DORI. Of the
lipids studied, DODMP was the most active. DODMP
lipoplexes were 4-fold more active than the second best
lipoplex preparation comprised of DOMEP and 5-fold
better than the lipoplex preparation comprised of the
prototypic lipid DOTAP, an unfunctionalized cationic
lipid. This result emphasizes the significance of adding
additional polar functionality to the DNA-binding do-
main. Finally, close to 2 orders of magnitude increase
in luciferase expression was observed when DODMP
lipoplexes were used in lieu of 20 µg of uncomplexed
DNA.
At the higher dose (40 µg, Figure 3B), the differences

in transfection activity as a function of polar domain
structure were less pronounced. Also, for a given
headgroup structure, the hydrophobic domain composi-
tion did not influence transfection activity to the extent
observed at the 20 µg dose. The dimyristoyl lipids
generally had improved levels of transfection relative
to their dioleoyl counterparts, yet in most instances the
dioleoyl lipid remained the more active derivative. It
is also interesting to note that the lipids containing
hydroxyl functionality (DORI, DMRI, DODHP, and
DMDHP) were on average 3-fold more active than their
corresponding methyl ether derivatives (DOMEP, DM-
MEP, DODMP, and DMDMP, respectively). The in-
verse observation was noted at the 20 µg dose for the

Figure 3. In vivo transfection comparison of cationic lipids. Cationic liposomes containing equimolar mixtures of the cationic
lipid and DOPE were used to deliver (A) 20 µg or (B) 40 µg of pNDCLux plasmid DNA into BALB/c mouse lung. The activity is
expressed as relative luciferase light units obtained from 30 µL of lysate obtained from a lung/trachea block 24 h after intratracheal
administration of 200 µL of cationic liposome/DNA complexes. Groups of five mice were treated, and the data are depicted as the
average observed transgene expression. The control for the experiment was instillation of uncomplexed “free” pNDCLux
administered at the indicated dose. The error bars represent the standard deviation from the mean. (*) A single value was omitted
because the animal expelled some of the fluid bolus after administration. (**) A single value was omitted due to fatality.
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dioleoyl derivatives. For example, the most active
lipoplex preparation at the 40 µg dose contains the
dimyristoyl lipid DMDHP. DMDHP promotes a 20-fold
enhancement in luciferase expression relative to treat-
ment with 40 µg of uncomplexed DNA. This result
underscores the potential advantage in using lipoplex
preparations to facilitate transfection of DNA into lung
tissues.

Discussion
Investigations of lipid-lipid interactions and their

influence on lipid aggregate properties have been fo-
cused principally on naturally occurring lipids. These
studies have revealed that certain structural features
promote close lipid associations. When these structural
features are altered, the resultant change in lipid-lipid
interactions has been shown to influence membrane
properties such as the extent of surface hydration,24
lipid polymorphism,25 and phase transition tempera-
tures.26 It is likely that alterations in cationic lipid
structure also will influence these properties and thereby
influence the transfection process, particularly at stages
involving membrane fusion. Thus, the incorporation of
structural features to improve fusion events such as
polynucleotide complexation13,27 or cytoplasmic deliv-
ery28 may lead to more active lipoplex formulations.
Prior studies have shown that even minor structural
changes to the lipid hydrophobic domain12,29 or to the
lipid polar domain16,29,30,31 result in significant changes
in transfection activity. Despite the attention devoted
to understanding the physical bases for these observa-
tions, models to predict activity have not been devel-
oped. Studies correlating cationic lipid structure with
the physical properties of derived liposome preparations
and in vivo transfection activity have not been exten-
sively published.32 The present study has attempted
to establish correlations between cationic lipid structure,
lipid surface hydration, and cationic lipid-mediated in
vivo transfection activity.
At present, the relationship between fusion ability

and transfection activity remains unclear.33-35 The
fusion of cationic lipid-DNA complexes with cellular
membranes is believed to be assisted by an initial
electrostatic-mediated membrane association and sur-
face dehydration and followed by bilayer reorganization
to a nonbilayer lipid structure.13 Membrane dehydra-
tion and imbalances between the effective cross-
sectional area of the lipid polar and hydrophobic do-
mains (Figure 4) are known to promote the localized
bilayer reorganization.36 In this regard, lipids exhibit-
ing a cone-shaped molecular or hydration geometry
should favor the formation of nonbilayer structures, as
observed with other lipid systems.37-39 Factors such as
a small polar domain or close headgroup association
decrease the effective cross-sectional area of the polar
domain. These features would be expected to promote
membrane fusion,40 and they may be qualitatively
identified by comparison of lipid hydration data. Like-
wise, factors such as cis-unsaturation or greater acyl
chain hydration increase the effective cross-sectional
area of the hydrophobic domain and thereby also would
promote membrane fusion. Thus, the measurement of
lipid hydration might causatively relate the lipoplex
proclivity for membrane fusion.
Lipid hydration was measured to compare the relative

strength of lipid associations. Studies using noncationic

lipids show that lipid hydration is inversely related to
the strength of the lipid-lipid interactions.22 Hence,
lipids containing functionality that promotes lipid as-
sociation (e.g., hydrogen bonding) are expected to be less
hydrated than lipids devoid of such functionality.25 The
decrease in lipid hydration occurs due to the greater
exclusion of interstitial water, a consequence of in-
creased lipid proximity. Conversely, lipids containing
structural features that destabilize a close lipid associa-
tion (e.g., steric bulk, cis-unsaturation) are expected to
be more hydrated.41

The hydration studies presented in Figure 1 demon-
strate that the changes in cationic lipid structure
influence the lipid-lipid interactions in a predictable
manner. The observed correlation between structure
and lipid hydration is similar to that observed with
natural phospholipids. As anticipated, cationic lipids
containing oleoyl groups had more lipid-associated
water than lipids containing myristoyl groups. The
increase in observed lipid hydration is attributed to the
presence of the cis-unsaturation which increases the
cross-sectional diameter of the hydrophobic region and
decreases lipid association relative to fully saturated
fatty acyl domains.36 In addition to accounting for a
general increase in lipid hydration, the cis-unsaturation
also appears to overshadow the influence of the polar
domain on hydration.42 This presumably accounts for
the minor differences in lipid hydration observed be-
tween most members of the dioleoyl series. In regard
to observable polar domain influences on lipid hydra-
tion, an increase in lipid hydration is noted as the bulk
of the cationic lipid polar domain is increased. This
trend is particularly evident among the dimyristoyl
derivatives. The trend may be attributed either to an
increase in steric repulsion between adjacent lipids or
disruption of hydrogen bonding with DOPE, thereby
decreasing close lipid packing. The observed correlation

Figure 4. Lipid structural features. The representative
cationic lipid DOTAP (1g) is depicted to illustrate the principal
structural domains and related terminology.
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of steric bulk with increased lipid hydration is consistent
with previous reports.43

We noted a reduction in lipid hydration when hy-
droxyl functionality was incorporated into the cationic
lipid polar domain. Again, the influence on hydration
is more apparent among the dimyristoyl derivatives.
The increase in lipid associations observed with these
derivatives may be attributed to polar domain hydrogen
bonding, particularly with the incorporated DOPE. It
has been shown that the ammonium ion and the
phosphate moiety of DOPE can participate in intermo-
lecular hydrogen bonding.44 The role of hydrogen bond-
ing in increasing lipid associations is supported by the
observed increase in lipid hydration that is noted when
the hydroxyl group is converted to its corresponding
methyl ether (DMRI f DMMEP and DMDHP f DM-
DMP). DMMEP and DMDMP both exhibit higher mean
hydration values than their hydroxyl counterparts.
This hydration result is consistent with the expected
decrease in lipid association that occurs as a conse-
quence of losing some hydrogen-bonding capability on
alkyl ether formation. We also observed that the
influence of hydrogen bonding overrides the influence
of increasing steric bulk. For example, no change in
lipid hydration was noted on increasing the polar
domain bulk of DMRI by incorporating an additional
hydroxymethyl group (DMRI f DMDHP).
The hydration data for the dioleoyl lipids DODHP,

DOMEP, and DODMP show that these lipids possess
the largest relative imbalance between the areas oc-
cupied by their polar and hydrophobic domains. The
dioleoyl chains afford the larger hydrophobic domain
cross-sectional area, and merger of this expanded
hydrophobic domain with the least hydrated polar
domains (DHP, MEP, and DMP) would assist the
formation of a cone-shaped molecular geometry. Given
this propensity for bilayer reorganization, these lipids
should possess better fusion capabilities.45

We next examined the relationship between structure
and transfection activity. To determine the influence
of cationic lipid structure on optimal transfection condi-
tions, the lipids DODMP and DMDHP were examined
using a transfection matrix. Ideal transfection condi-
tions would be those that confer the highest levels of
DNA expression to the transduced cells with minimal
treatment-associated toxicity. Optimization of trans-
gene expression for a given transfection reagent is often
obtained by varying the charge ratio of cationic lipid to
DNA phosphate for a given DNA dose. While extensive
in vitro research on these variables has been con-
ducted,29 in vivo studies that correlate both the cationic
lipid:DNA charge ratio and the DNA dose with trans-
fection activity have not been reported. To conduct the
study, a matrix was designed to assess 25 different
transfection conditions. Specifically, five cationic lipid:
DNA charge ratios (0.25:1, 0.5:1, 1.5:1, 2:1, and 3:1) were
examined at five different DNA doses (10, 20, 40, 60,
and 100 µg).
The results of the optimization study (Figure 2)

demonstrate that the lipoplex charge and DNA dose
cooperatively influence in vivo transfection activity. The
highest levels of luciferase expression using DODMP or
DMDHP are observed when the lipoplex preparations
have a net positive charge, an observation consistent
with prior in vitro studies.13 It is postulated that a

positively charged lipoplex has a greater affinity for the
negatively charged cellular membranes, thus facilitating
lipoplex uptake.11 The condition of the mice after
treatment with either DODMP or DMDHP is impaired
at high lipid:DNA charge ratios (>2) with high DNA
doses (>40 µg). This is not unusual since cellular
toxicity has been shown to generally correlate with
increasing lipoplex dosage.29,46 Increased incorporation
of cationic lipids and DOPE within cellular membranes
may affect cell membrane processes, such as signal
transduction, and inhibits protein kinase C activity.8,30,36
For the active (net positive) formulations, DODMP
lipoplexes are more toxic than DMDHP lipoplexes at
high DNA doses, a difference that may be attributed to
any number of factors including physicochemical and
colloidal properties of the lipoplexes. However, it should
be noted that conditions exist for near optimal trans-
fection activity without observable changes in the condi-
tion of the mice using either cationic lipid.
The transfection screen of the cationic lipid analogues

(Figure 3) indicates a general correlation between
cationic lipid structure and in vivo transfection activity.
This study reveals that the effective geometric shape
of the cationic lipid, as construed from the hydration
data, strongly influences the efficiency of plasmid DNA
transfection in murine lung. Generally, the more ef-
fective cationic lipids possess the greatest imbalance in
the areas occupied by their polar and hydrophobic
domains. Cationic lipids facilitating polar domain
dehydration and hydrophobic domain destabilization
exhibit the highest levels of luciferase expression. The
correlation between hydration and transfection activity
was observed with both functionalized and unfunction-
alized cationic lipids. In cases where the hydration
properties of unfunctionalized and functionalized polar
domains were similar (e.g., DMTAP vs DMDHP), the
functionalized lipid exhibited the greater transfection
activity. This result suggests that the polar domain
functionality may exert an additional beneficial effect
and may be related to the greater ability of the func-
tionalized cationic lipid to interact with cellular mem-
branes via hydrogen bonding or by facilitating a greater
electrostatic association. The strong hydrogen-bonding
capabilities of these lipids apparently prevent the
undesirable increase in headgroup hydration that would
typically accompany an increase in effective headgroup
charge. Thus, it may be most desirable to incorporate
functionality that can inductively attenuate the polar
domain yet still maintain minimal headgroup hydration.
The observed correlation of transfection activity with
lipid hydration suggests that membrane association and
fusogenicity are primary determinants of lipid-mediated
transfection activity. While this study suggests that
membrane fusion may be an important step for in vivo
transfection using lipoplex preparations, it should be
noted that the fusion event, whether with plasma or
endosomal membrane, is not the sole determinant of
transfection efficiency.35 Lipid mixing studies are needed
to confirm the influence of our headgroup modifications
and accompanying hydrated states on membrane fusion
events.
Additional support for the correlations noted above

may be found in the recent literature. The work of
Solodin32a also has shown that the incorporation of
unsaturation in the hydrophobic domain improves in
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vivo lung transfection activity. Wheeler et al.47 also
have shown that the incorporation of headgroup func-
tionality, specifically addition of a primary amine group
to yield γAP-DLRIE, greatly improves in vivo lung
transfection. It is interesting to speculate whether the
lipid γAP-DLRIE enhances transfection relative to
DOTAP in the same manner as the substitution of
DOTAP with hydroxymethyl groups (e.g., DOTAP f
DODHP).
The advantages imparted by certain cationic lipid

structural features appear to be less pronounced at the
higher DNA dose (40 µg). While this result may suggest
that polar domain structural features impart minor
advantages for transgene expression at high doses, it
is important to note that the goal of lipoplex optimiza-
tion for clinical applications necessarily dictates that
cationic lipids be capable of effecting transgene expres-
sion with minimal toxic consequences. The use of an
efficient cationic lipid at a lower concentration ulti-
mately would be more desirable.
In summary, a panel of cationic lipids has been

prepared to examine the relationships between lipid
structure, lipid surface hydration, and plasmid DNA
transfection activity. Correlation of lipid surface hydra-
tion with an in vivo transfection study reveals that
cationic lipids possessing the greatest imbalance be-
tween the effective cross-sectional areas occupied by
their polar and hydrophobic domains are the most active
transfection agents. The present work in conjunction
with our previous studies into the molecular effects of
the hydrophobic and counterion domains suggest that
the increase in transfection activity for these lipids may
be due to enhanced membrane fusion properties. To
examine the role of membrane fusogenicity as a next
step toward optimizing in vivo transfection activity, we
are pursuing studies on the relationship of cationic lipid
hydration with the ability to undergo lipid mixing.

Experimental Section

Unless otherwise noted, all reagents were purchased from
commercial suppliers and were used without further purifica-
tion. The progress of reactions was monitored by thin-layer
chromatography (TLC) using silica gel 60 F254 TLC plates.
Visualization was accomplished by staining the plates with a
3% w/v phosphomolybdic acid/ethanol solution followed by
charing on a hot plate. Silica gel 60 (230-400 mesh) was used
for flash column chromatography. A Matteson Galaxy FTIR
3000 infrared spectrometer and a General Electric QE300 300
MHz nuclear magnetic resonance spectrometer were used to
confirm structure and purity of the compounds. Melting point
determinations were performed using a Thomas-Hoover capil-
lary melting point apparatus and are uncorrected. Combus-
tion analyses were performed by Midwest Microlabs (India-
napolis, IN).
The dioleoyl (series 1) and the dimyristoyl (series 2) lipids

1,2 a-f (Table 1) were prepared in a manner analogous to the
method previously reported.48 Amine quaternizations were
accomplished using one or the other of two synthetic methods,
and an experimental procedure for each method is given below.
Ion-exchange chromatography (iodide f chloride) was per-
formed according to a literature procedure.16 All ammonium
chlorides were purified by column chromatography (silica gel,
eluting with 5-10% methanol in dichloromethane).
Amine Quaternization. Method A (for derivatives g,j-

l). The tertiary amine (0.5 g) was dissolved in iodomethane
(5 mL), and the resulting solution was stirred for 8 h at room
temperature. The residual iodomethane was removed by
evaporation to afford a crude residue which was purified by
column chromatography (silica gel), eluting with a gradient

of 5-10% methanol in dichloromethane. Method B (for
derivatives h-i, andm-o). A sealed tube was charged with
the tertiary amine (0.5 g) and the appropriate alkyl iodide (5
mL). The tube was flushed with argon, sealed, and submersed
in an oil bath maintained at 70 °C for 12 h. After the solution
wsa cooled to room temperature, the residual alkyl iodide was
removed by evaporation to afford the crude product. Purifica-
tion was accomplished by column chromatography (silica gel),
eluting with a gradient of 5-10% methanol in dichlo-
romethane.
(()-N,N,N-Trimethyl-N-[2,3-bis(9(Z)-octadecenoyloxy)-

propyl]ammonium chloride (1g, DOTAP):mp 165-167 °C;
1H NMR (300 MHz, CDCl3) δ 5.56 (m, 1H), 5.28 (m, 4H), 4.57
(d, J ) 12 Hz, 1H), 4.47 (dd, J ) 3, 12 Hz, 1H), 4.05 (dd, J )
6, 12 Hz, 1H), 3.73 (dd, J ) 9, 14 Hz, 1H), 3.48 (s, 9H), 2.27
(m, 4H), 1.94 (m, 8H), 1.53 (m, 4H), 1.22 (m, 40H), 0.82 (t, J
) 7 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 173.0, 172.6, 129.9,
129.5, 65.8, 65.6, 63.1, 54.1, 34.0, 33.7, 31.8, 29.7, 29.6, 29.5,
29.4, 29.3, 29.2, 29.1, 29.0, 27.1, 27.0, 24.6, 24.5, 22.5, 14.0;
IR (KBr) 2923, 2852, 1743 cm-1. Anal. (C42H80ClNO4‚H2O)
C, H, N.
(()-N,N,N-Trimethyl-N-[2,3-bis(tetradecanoyloxy)pro-

pyl]ammonium chloride (2g, DMTAP): 1H NMR (300 MHz,
CDCl3) δ 5.59 (m, 1H), 4.59 (d, J ) 14 Hz, 1H), 4.51 (dd, J )
4, 12 Hz, 1H), 4.09 (dd, J ) 6, 12 Hz, 1H), 3.78 (dd, J ) 9, 14
Hz, 1H), 3.52 (s, 9H), 2.32 (m, 4H), 1.57 (m, 4H), 1.23 (m, 40H),
0.86 (t, J ) 7 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 173.1,
172.7, 65.8, 63.1, 54.2, 34.2, 33.9, 31.8, 29.8, 29.6, 29.5, 29.4,
29.3, 29.2, 29.1, 24.7, 24.6, 22.6, 14.1; HRMS (C34H68NO4) calcd
554.5148, found 554.5113.
(()-N-Ethyl-N,N-dimethyl-N-[2,3-bis(9(Z)-octadeceno-

yloxy)propyl]ammonium chloride (1h, DOEAP):mp 156-
158 °C; 1H NMR (300 MHz, CDCl3) δ 5.58 (m, 1H), 5.31 (m,
4H), 4.50 (dd, J ) 3, 12 Hz, 1H), 4.32 (d, J ) 14 Hz, 1H), 4.09
(dd, J ) 6, 12 Hz, 1H), 3.74 (m, 2H), 3.58 (m, 1H), 3.38 (s,
3H), 3.37 (s, 3H), 2.29 (q, J ) 8 Hz, 4H), 1.97 (m, 8H), 1.55
(m, 4H), 1.41 (t, J ) 7 Hz, 3H), 1.26-1.23 (m, 40H), 0.85 (t, J
) 7 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 172.9, 172.6, 129.9,
129.5, 65.5, 63.2, 62.4, 60.6, 51.1, 51.0, 34.0, 33.7, 31.8, 29.6,
29.5, 29.4, 29.2, 29.1, 29.0, 27.1, 27.0, 24.6, 24.5, 22.5, 14.0,
8.5; IR (KBr) 2923, 2854, 1741 cm-1. Anal. (C43H82ClNO4‚H2O)
C, H, N.
(()-N-Ethyl-N,N-dimethyl-N-[2,3-bis(tetradecanoylox-

y)propyl]ammonium chloride (2h, DMEAP):mp 143-145
°C; 1H NMR (300 MHz, CDCl3) δ 5.61 (m, 1H), 4.51 (dd, J )
3, 12 Hz, 1H), 4.32 (d, J ) 14 Hz, 1H), 4.11 (dd, J ) 6, 12 Hz,
1H), 3.82-3.63 (m, 3H), 3.45 (s, 3H), 3.43 (s, 3H), 2.30 (m, 4H),
1.56 (m, 4H), 1.42 (t, J ) 7 Hz, 3H), 1.23 (s, 40H), 0.86 (t, J )
7 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 172.9, 172.6, 65.6, 63.2,
62.3, 60.6, 51.2, 51.0, 34.0, 33.8, 31.7, 29.9, 29.7, 29.5, 29.4,
29.3, 29.2, 29.1, 29.0, 28.9, 24.6, 24.5, 22.5, 13.9, 8.5; IR (KBr)
2919, 2852, 1741 cm-1. Anal. (C35H70ClNO4‚H2O) C, H, N.
(()-N,N-Dimethyl-N-[2,3-bis(9(Z)-octadecenoyloxy)-

propyl]-N-propylammonium chloride (1i, DOPAP): 1H
NMR (300 MHz, CDCl3) δ 5.59 (m, 1H), 5.32 (m, 4H), 4.50 (m,
2H), 4.11 (dd, J ) 6, 14 Hz, 1H), 3.78 (dd, J ) 9, 14 Hz, 1H),
3.50 (m, 8H), 2.31 (m, 4H), 1.90 (m, 8H), 1.81 (q, J ) 7 Hz,
2H), 1.58 (m, 4H), 1.27 (m, 40H), 1.02 (t, J ) 7 Hz, 3H), 1.86
(t, J ) 7 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 173.0, 172.6,
129.9, 129.5, 66.4, 65.6, 63.2, 62.6, 51.9, 51.6, 34.1, 33.8, 31.8,
29.6, 29.4, 29.2, 29.1, 29.0, 27.1, 24.6, 24.5, 22.6, 16.3, 14.0,
10.5; IR (KBr) 2925, 2854, 1741 cm-1. Anal. (C44H84-
ClNO4‚H2O) C, H, N.
(()-N,N-Dimethyl-N-propyl-N-[2,3-bis(tetradecanoyl-

oxy)propyl]ammonium chloride (2i, DMPAP): mp 124-
126 °C; 1H NMR (300 MHz, CDCl3) δ 5.59 (m, 1H), 5.50 (dd, J
) 3, 12 Hz, 1H), 4.39 (d, J ) 14 Hz, 1H), 4.10 (dd, J ) 6, 12
Hz, 1H), 3.77 (dd, J ) 9, 14 Hz 1H) 3.52 (m, 2H), 3.41 (s, 6H),
2.29 (m, 4H), 1.80 (q, J ) 9 Hz, 2H), 1.55 (m, 4H), 1.22 (s,
40H), 0.99 (t, J ) 7 Hz, 3H), 0.84 (t, J ) 7 Hz, 6H); 13C NMR
(75 MHz, CDCl3) δ 173.0, 172.6, 66.3, 65.6, 63.2, 62.9, 52.0,
51.6, 34.1, 33.8, 31.8, 29.5, 29.4, 29.2, 29.1, 29.0, 24.7, 24.5,
22.6, 16.2, 14.0, 10.5; IR (KBr) 2918, 2850, 1739 cm-1; HRMS
(C36H72NO4) calcd 582.5461, found 582.5463.
(()-N-(2-Hydroxyethyl)-N,N-dimethyl-N-[2,3-bis(9(Z)-

octadecenoyloxy)propyl]ammonium chloride (1j, DORI29):
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1H NMR (300 MHz, CDCl3) δ 5.80 (m, 1H), 5.63 (s, 1H), 5.31
(m, 4H), 4.47 (dd, J ) 3, 12 Hz, 1H), 4.38 (d, J ) 14 Hz, 1H),
4.07 (m, 3H), 3.78 (m, 3H), 3.41, (s, 3H), 3.39 (s, 3H), 2.29 (q,
J ) 8 Hz, 4H), 1.97 (m, 8H), 1.56 (m, 4H), 1.25 (m, 40H), 0.85
(t, J ) 7 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 173.0, 172.6,
130.0, 129.6, 129.5, 67.2, 65.7, 63.2, 55.7, 52.9, 52.7, 34.1, 33.8,
31.8, 29.7, 29.5, 29.5, 29.4, 29.3, 29.2, 29.1, 27.3, 27.2, 27.1,
24.7, 24.6, 22.6, 14.0; IR (KBr) 3222, 2923, 2854, 1741 cm-1.
(()-N-(2-Hydroxyethyl)-N,N-dimethyl-N-[2,3-bis(tet-

radecanoyloxy)propyl]ammonium chloride (2j, DMRI):
mp 173-174 °C; 1H NMR (300 MHz, CDCl3) δ 5.77 (m, 1H),
5.65 (m, 1H), 4.48 (dd, J ) 3, 12 Hz, 1H), 4.36 (d, J ) 14 Hz,
1H), 4.10 (m, 5H), 3.78 (m, 5H), 3.41 (s, 3H), 3.39 (s, 3H), 2.31
(q, J ) 18 Hz, 4H), 1.57 (m, 4H), 1.23 (m, 40H), 0.86 (t, J ) 7
Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 173.1, 172.7, 67.2, 65.7,
64.9, 63.3, 55.8, 52.9, 52.7, 34.2, 33.9, 31.9, 29.9, 29.8, 29.7,
29.6, 29.5, 29.5, 29.3, 29.3, 29.2, 29.1, 24.7, 24.6, 22.7, 14.1;
IR (KBr) 3143, 2919, 2850, 1745 cm-1. Anal. (C35H70ClNO5)
C, H, N.
(()-N-(2-Methoxyethyl)-N,N-dimethyl-N-[2,3-bis(9(Z)-

octadecenoyloxy)propyl]ammonium chloride (1k,
DOMEP):mp 114-116 °C; 1H NMR (300 MHz, CDCl3) δ 5.63
(m, 1H), 5.32 (m, 4H), 4.46 (dd, J ) 3, 12 Hz, 1H), 4.20 (d, J
) 14 Hz, 1H), 4.05 (dd, J ) 6, 12 Hz, 1H), 3.96-3.77 (m, 5H),
3.42 (s, 3H), 3.78 (s, 6H), 2.30 (m, 4H), 1.98 (m, 8H), 1.57 (m,
4H), 1.27-1.25 (m, 40H), 0.86 (t, J ) 7 Hz, 6H); 13C NMR (75
MHz, CDCl3) δ 173.0, 172.7, 129.9, 129.5, 66.2, 65.7, 64.9, 63.9,
63.2, 59.0, 52.6, 52.5, 52.4, 34.0, 33.8, 31.8, 29.6, 29.5, 29.4,
29.2, 29.1, 29.0, 27.1, 27.0, 24.6, 24.5, 22.5, 14.0; IR (KBr) 2923,
2854, 1743 cm-1. Anal. (C44H84ClNO5) C, H, N.
(()-N-(2-Methoxyethyl)-N,N-dimethyl-N-[2,3-bis(tet-

radecanoyloxy)propyl]ammonium chloride (2k, DM-
MEP): mp 109-110 °C; 1H NMR (300 MHz, CDCl3) δ 5.62
(m, 1H), 4.5 (dd, J ) 4, 12 Hz, 1H), 4.35 (d, J ) 14 Hz, 1H),
4.12-3.77 (m, 4H), 3.50 (s, 3H), 3.45 (s, 3H), 3.37 (s, 3H), 2.30
(q, J ) 7 Hz, 4H), 1.55 (m, 4H), 1.22 (s, 40H), 0.85 (t, J ) 7
Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 172.9, 172.6, 66.1, 65.6,
64.8, 63.9, 63.1, 59.0, 52.5, 52.4, 52.3, 34.0, 33.7, 31.7, 29.0,
29.8, 29.8, 29.7, 29.5, 29.3, 29.2, 29.1, 28.9, 24.6, 24.5, 22.5,
13.9; IR (KBr) 2917, 2850, 1747 cm-1. Anal. (C36H72ClNO5)
C, H, N.
(()-N,N-Diethyl-N-methyl-N-[2,3-bis(9(Z)-octadeceno-

yloxy)propyl]ammonium chloride (1l, DODEP): 1H NMR
(300 MHz, CDCl3) δ 5.54 (m, 1H), 5.26 (m, 4H), 4.48 (dd, J )
4, 12 Hz, 1H), 4.42 (d, J ) 16 Hz, 1H), 4.09 (dd, J ) 6, 12 Hz,
1H), 3.62 (m, 5H), 3.29 (s, 3H), 2.24 (m, 4H), 1.92 (m, 8H),
1.51 (m, 4H), 1.36 (m, 6H), 1.20 (m, 20H), 0.80 (t, J ) 7 Hz,
6H); 13C NMR (75 MHz, CDCl3) δ 172.9, 172.5, 129.9, 129.5,
129.4, 65.3, 63.3, 60.0, 57.5, 57.1, 48.0, 34.0, 33.7, 31.7, 29.6,
29.4, 29.2, 29.1, 29.0, 28.9, 27.1, 27.0, 24.6, 24.5, 22.5, 14.0,
8.2; IR (KBr) 2925, 2854, 1741 cm-1. Anal. (C44H84ClNO4‚H2O)
C, H, N.
(()-N,N-Diethyl-N-methyl-N-[2,3-bis(tetradecanoylox-

y)propyl]ammonium chloride (2l, DMDEP):mp 126-128
°C; 1H NMR (300 MHz, CDCl3) δ 5.50 (m, 1H), 4.41 (m, 2H),
4.05 (dd, J ) 6, 12 Hz, 1H), 3.54 (m, 5H), 3.22 (s, 3H), 2.19 (q,
J ) 7 Hz, 4H), 1.43 (q, J ) 6 Hz, 4H), 1.32 (m, 6H), 1.12 (m,
40H), 0.74 (t, J ) 7 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 173.0,
172.6, 65.4, 63.3, 60.1, 57.5, 57.1, 48.1, 34.1, 33.8, 31.8, 29.6,
29.4, 29.2, 29.2, 29.0, 24.7, 24.6, 22.6, 14.0, 8.3, 8.2; IR (KBr)
2917, 2850, 1739 cm-1. Anal. (C36H72ClNO4‚H2O) C, H, N.
(()-N,N,N-Triethyl-N-[2,3-bis(9(Z)-octadecenoyloxy)-

propyl]ammonium chloride (1m, DOTEP): isolated as a
wax; 1H NMR (300 MHz, CDCl3) δ 5.66 (m, 1H), 5.31 (m, 4H),
4.48 (dd, J ) 4, 12 Hz, 1H), 4.34 (d, J ) 15 Hz, 1H), 4.15 (dd,
6, J ) 12 Hz, 1H), 3.83 (dd, J ) 8, 15 Hz, 1H), 3.52 (m, 6H),
2.31 (m, 4H), 1.98 (m, 8H), 1.56 (m, 4H), 1.43 (t, J ) 7 Hz,
9H), 1.27-1.24 (m, 40H), 0.86 (t, J ) 7 Hz, 6H); 13C NMR (75
MHz, CDCl3) δ 172.8, 172.4, 129.8, 129.4, 65.1, 63.1, 56.8, 54.3,
33.9, 33.7, 31.7, 29.5, 29.4, 29.3, 29.1, 29.0, 28.9, 27.0, 24.5,
24.4, 22.5, 13.9, 8.0; IR (KBr) 2924, 2852, 1739 cm-1. Anal.
(C45H86ClNO4‚H2O) C, H, N.
(()-N,N,N-Triethyl-N-[2,3-bis(tetradecanoyloxy)propyl]-

ammonium chloride (2m, DMTEP): mp 138-140 °C; 1H
NMR (300 MHz, CDCl3) δ 5.56 (m, 1H), 4.47 (dd, J ) 4, 12
Hz, 1H), 4.20-4.10 (m, 2H), 3.78 (dd, J ) 9, 15 Hz, 1H), 3.48

(m, 9H), 2.28 (m, 4H), 1.55 (m, 4H), 1.42 (t, J ) 7 Hz, 9H),
1.21 (s, 40H), 0.84 (t, J ) 7 Hz, 6H); 13C NMR (75 MHz, CDCl3)
δ 173.0, 172.6, 65.2, 63.2, 54.4, 34.0, 33.8, 31.8, 29.5, 29.4, 29.3,
29.2, 29.1, 29.0, 24.6, 24.5, 22.6, 14.0, 8.0; IR (KBr) 2918, 2850,
1739 cm-1. Anal. (C37H74ClNO4) C, H, N.
(()-N,N-[Bis(2-hydroxyethyl)]-N-methyl-N-[2,3-bis(9(Z)-

octadecenoyloxy)propyl]ammonium chloride (1n,
DODHP): isolated as a wax; 1H NMR (300 MHz, CDCl3) δ
5.68 (m, 1H), 5.33 (m, 4H), 4.46 (dd, J ) 3, 12 Hz, 1H), 4.22-
4.03 (m, 6H), 3.90-3.60 (m, 5H), 3.32 (s, 3H), 2.31, (q, J ) 7
Hz, 4H), 2.00 (m, 8H), 1.58 (m, 4H), 1.29-1.26 (m, 40H), 0.87
(t, J ) 7 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 173.1, 172.7,
130.0, 129.6, 65.6, 65.1, 63.7, 63.6, 63.3, 55.7, 50.7, 34.1, 33.8,
31.9, 29.9, 29.7, 29.5, 29.4, 29.3, 29.2, 29.1, 29.0, 27.2, 24.7,
24.6, 22.6, 14.1; IR (KBr) 32.53, 2924, 2854, 1741 cm-1. Anal.
(C44H84ClNO6) C, H, N.
(()-N,N-[Bis(2-hydroxyethyl)]-N-methyl-N-[2,3-bis(tet-

radecanoyloxy)propyl] ammonium chloride (2n, DM-
DHP):mp 170-172 °C; 1H NMR (300 MHz, CDCl3) δ 5.66 (m,
1H), 5.43 (m, 2H), 4.44 (dd, J ) 3, 12 Hz, 1H), 4.21 (d, J ) 15
Hz, 1H), 4.06 (m, 5H), 3.77 (m, 5H), 3.31 (s, 3H), 2.28 (d, J )
8 Hz, 4H), 1.51 (m, 4H), 1.21 (m, 40H), 0.83 (t, J ) 6 Hz, 6H);
13C NMR (75 MHz, CDCl3) δ 173.1, 172.7, 65.6, 65.5, 65.0, 63.5,
63.4, 63.3, 55.6, 50.7, 34.1, 33.8, 31.8, 30.31, 30.2, 30.2, 30.1,
30.1, 30.0, 29.9, 29.6, 29.5, 29.3, 29.1, 29.0, 24.7, 24.6, 22.5,
14.0; IR (KBr) 3261, 2919, 2852, 1741 cm-1. Anal. (C36H72-
ClNO6) C, H, N.
(()-N,N-Bis(2-methoxyethyl)-N-methyl-N-[2,3-bis(9(Z)-

octadecenoyloxy)propyl]ammonium chloride (1o, DOD-
MP): isolated as a wax; 1H NMR (300 MHz, CDCl3) δ 5.64 (m,
1H), 5.31 (m, 4H), 4.30 (dd, J ) 3, 12 Hz, 1H), 4.13-3.75 (m,
9H), 3.37 (s, 9H), 2.29 (m, 4H), 1.97 (m, 8H), 1.56 (m, 4H),
1.27-1.23 (m, 40H), 0.85 (t, J ) 7 Hz, 6H); 13C NMR (75 MHz,
CDCl3) δ 172.8, 172.6, 129.8, 129.4, 66.0, 65.6, 63.5, 63.1, 62.9,
58.9, 49.7, 34.0, 33.7, 31.7, 29.5, 29.4, 29.3, 29.1, 29.0, 28.9,
27.0, 26.9, 24.5, 24.4, 22.4, 13.9; IR (KBr) 2925, 2854, 1741
cm-1. Anal. (C46H88ClNO6‚H2O) C, H, N.
(()-N,N-Bis(2-methoxyethyl)-N-methyl-N-[2,3-bis(tet-

radecanoyloxy)propyl] ammonium chloride (2o, DM-
DMP): mp 84-86 °C; 1H NMR (300 MHz, CDCl3) δ 5.65 (m,
1H), 4.42 (dd, J ) 3, 12 Hz, 1H), 4.20-3.77 (m, 11H), 3.39 (s,
3H), 3.38 (s, 6H), 2.35-2.27 (m, 4H), 1.56 (m, 4H), 1.34-1.18
(m, 42), 0.86 (t, J ) 7 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ
172.9, 172.7, 66.1, 66.0, 65.7, 63.7, 63.6, 63.3, 63.2, 63.1, 63.0,
59.0, 50.0, 49.8, 34.1, 33.8, 31.7, 30.0, 29.9, 29.8, 29.7, 29.5,
29.3, 29.2, 29.1, 28.9, 24.6, 24.5, 22.5, 14.0; IR (KBr) 2919,
2850, 1741 cm-1. Anal. (C38H76ClNO6‚H2O) C, H, N.
Hydration Studies. High-sensitivity, low-temperature

differential scanning calorimetry (DSC) was performed using
a Perkin-Elmer DSC 7 instrument with automatic data
collection and analysis. Sample preparation was conducted
as follows: a lipid thin film containing equimolar amounts of
the cationic lipid and dioleoylphosphatidylethanolamine (DOPE)
(total lipid mass of 4-6 mg) was dissolved in CH2Cl2 (100 µL),
and the resultant solution was added to an aluminum DSC
pan via microsyringe. The solvent was removed by warming
the pan using a dry heating block heated to 30-50 °C. Any
residual solvent was removed under vacuum overnight. The
lipid sample was hydrated by addition of sterile deionized
water to give a 40-60% w/w suspension. The DSC sample
pan was then sealed and weighed on a Cahn electrobalance
to the nearest microgram. The sealed lipid sample was
annealed by repeated thermal cycling (3×) between -90 and
60 °C to ensure complete equilibration of the liposome suspen-
sion. Complete freezing of the bulk water was ensured by
maintaining the sample at -90 °C for at least 5 min before
warming. The sample was then warmed to -20 °C and
allowed to equilibrate for ca. 3-5 min prior to scanning. The
DSC scan was performed between -20 and 10 °C with a
heating rate of 2 °C/minute. Each sample was recooled to -90
°C between scans. On completion of the data collection, the
DSC pan was reweighed to determine any leakage, followed
by dehydrating the lipid sample by puncturing the pan and
heating in an oven at 80 °C for at least 48 h. Residual water
was then removed by placing the sample in a flask under
vacuum for an additional 48 h. Final lipid content was
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determined by releasing the flask under vacuum in a drybox
connected to an air dryer and immediately weighing the pan.
Hydration values were determined by the change in en-

thalpy under the ice melt peak in comparison to the enthalpy
change observed for the melting of pure water. The ratio of
unfrozen water (a measure of the lipid-associated water) in a
given lipid sample was determined by dividing the average
heat capacity of three scans by the total water removed
(measured by weighing the punctured pan containing the dry
lipid sample and subtracting from the weight of the sealed pan
prior to scanning), and this value was then divided by the
molar heat capacity of pure water. The quotient was sub-
tracted from one to give the ratio of unfrozen water, and this
value was multiplied by the total water removed to give the
mass of unfrozen water. This value was then converted to
moles of unfrozen water and divided by the moles of dry lipid
sample, a technique which affords a measure of the moles of
water per mole of lipid.23 Three independent samples of each
lipid were scanned three times according to the aforementioned
procedure. Figure 1 was generated by plotting the average of
the three means obtained for each lipid.
Liposome Formulations. The cationic lipid (1 mmol) and

DOPE (1 mmol) were added as chloroform solutions to 1.9 mL
sample vials. The chloroform was removed via rotary vacuum
evaporation at 37 °C. The resulting thin lipid films were
placed under vacuum overnight to ensure that all traces of
solvent were removed. Sterile water (1 mL) was then added
to each vial, and the lipid thin films were hydrated by being
briefly warmed at 60 °C under argon with subsequent vortex
mixing. The resultant 1 mM lipid suspensions were used
within 12 h of hydration.
Plasmid DNA. The plasmid pNDCLux was prepared in

our laboratories and consists of a modified P. pyralis luciferase
open reading frame under the control of the human cytome-
galovirus immediate early gene (hCMV IE) promoter/enhancer.
Additional elements include the hCMV IE intron A and a
polyadenylation sequence derived from the bovine growth
hormone gene. The plasmids were transformed into competent
E. coli DH5-R cells, amplified in Terrific Broth, and prepared
by base lysis with the isolation of covalently closed circular
plasmid DNA using two rounds of CsCl-EtBr gradient ultra-
centrifugation. The plasmid DNA was subsequently treated
with DNAse-free RNAse, the phenol/chloroform was extracted,
andthe solution was purified by precipitation from an ethanol/
sodium acetate solution. DNA purity was determined by
agarose gel electrophoresis and optical density (OD 260/280
greater than or equal to 1.8), and samples were routinely
monitored for significant endotoxin contamination.
Lipoplex Preparations. Cationic lipid-DNA complexes

were prepared as previously described.49 pNDCLux DNA (10-
100 µg) was slowly added to a diluted (sterile water) quantity
of the cationic lipid suspension in a polystyrene tube (Falcon
no. 2058) to give a final volume of 200 µL. Immediately after
DNA addition, the resultant mixture was sequentially heated
(30-60 s at 56 °C), sonicated (10-30 s) in a bath sonicator
(Laboratory Supplies Inc., Hicksville, NY), and reheated (30-
60 s at 56 °C). The lipoplex preparations were used in
transfection experiments within 5-10 min of formation.
Intratracheal Instillation of DNA or Lipid/DNA Com-

plexes. Female BALB/c mice (specific pathogen free, Charles
River Laboratories) weighing approximately 20-21 g were
used in the transfection experiments. Anesthesia was pro-
vided for invasive procedures. Neck dissections were per-
formed on anesthetized mice using a 1 cm incision through
the skin of the anterior neck. Instillation of 200 µL of the
lipoplex preparation was performed using a 1/2 in. 30 gauge
needle inserted 1-3 tracheal ring interspaces inferior to the
larynx. For comparison, free DNA solutions (200 µL contain-
ing 10-100 µg of DNA) were prepared in sterile water and
instilled in a similar manner. After injection, the superficial
neck wound was closed with staples. The mice were termi-
nated 24 h after treatment by CO2 in accordance with UCD
guidelines. A tracheal/lung block was dissected and then
homogenized in chilled lysis buffer (1 mL of lysis buffer from
Enhanced Luciferase Assay Kit diluted (3×) with sterile

water). An aliquot of the homogenate was assayed for lu-
ciferase protein as described below.
Luciferase Assays. Relative luciferase activity was de-

termined using a Monolight 2010 luminometer (Analytical
Luminescence Laboratories) by measuring luciferase light
emissions from a 30 µL aliquot of the lysis homogenate. Light
emissions were measured over a 10 s period. Activity is
expressed as relative light units, which are a function of assay
conditions, luciferase concentration, luminometer photomul-
tiplier tube sensitivity, and background.
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