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Abstract

The encapsulation of DNA by catanionic vesicles has been investigated; the vesicles are composed of one cationic surfactant, in excess, and
one anionic. Since cationic systems are often toxic, we introduced a novel divalent cationic amino-acid-based amphiphile, which may enhance
transfection and appears to be nontoxic, in our catanionic vesicle mixtures. The cationic amphiphile is arginine–N -lauroyl amide dihydrochloride
(ALA), while the anionic one is sodium cetylsulfate (SCS). Vesicles formed spontaneously in aqueous mixtures of the two surfactants and were
characterized with respect to internal structure and size by cryogenic transmission electron microscopy (cryo-TEM); the vesicles are markedly
polydisperse. The results are compared with a study of an analogous system based on a short-chained anionic surfactant, sodium octylsulfate
(SOS). Addition of DNA to catanionic vesicles resulted in associative phase separation at very low DNA concentrations; there is a separation into
a precipitate and a supernatant solution; the latter is first bluish but becomes clearer as more DNA is added. From studies using cryo-TEM and
small angle X-ray scattering (SAXS) it is demonstrated that there is a lamellar structure with DNA arranged between the amphiphile bilayers.
Comparing the SOS containing DNA–vesicle complexes with the SCS ones, an increase in the repeat distance is perceived for SCS. Regarding the
phase-separating DNA–amphiphile particles, cryo-TEM demonstrates a large and nonmonotonic variation of particle size as the DNA–amphiphile
ratio is varied, with the largest particles obtained in the vicinity of overall charge neutrality. No major differences in phase behavior were noticed
for the systems here presented as compared with those based on classical cationic surfactants. However, the prospect of using these systems in
real biological applications offers a great advantage.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The research activity involving gene therapy with either viral
or synthetic vectors is extensive and unique. Synthetic vectors
have generally been considered to be less efficient than their
viral counterparts but have clear advantages [1,2]: ease and
variability of preparation; lack of immune response; and unlim-
ited DNA-carrying capacity (allows delivery of human artificial
chromosomes [3]). Recent problems in clinical trials with vi-
ral vectors, namely a fatality induced by a severe inflammatory
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response [4] and insertional mutagenesis caused by retroviral
vectors [5], have further encouraged the study and development
of new efficient nonviral vectors. Furthermore, a recent study
on nonviral systems suggested that the anti-tumor activity of
some cationic entities together with their transfection capabil-
ity can be explored to successfully improve gene therapy [6].
This study by Dufes et al. [6] could potentially revitalize the
advancement of nonviral vectors not only with the purpose of
improving the cellular delivery of genetic material, but also to
exploit the vector’s intrinsic biological activities for additive or
synergistic therapeutic effects.

Usually, vesicular transport systems are the vehicles of
choice within nonviral gene therapy, liposome-based systems
being the most popular ones so far [7]. Due to the growing need
for novel engineered vehicles, we present in this study catan-
ionic vesicle systems as DNA carriers. By catanionic systems
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are understood mixtures of cationic and anionic amphiphiles.
A number of catanionic amphiphile mixtures have previously
been presented in the literature; vesicles were generally found
to form spontaneously [8–12], featuring an ease of prepara-
tion needed for real applications. Moreover, studies on the
interaction between DNA and catanionic vesicles have been
presented in the literature [13–16], demonstrating a strong as-
sociative phase separation with precipitate formation [14–16],
the driving force for this strong association being counterion
release [17]. A self-assembly of the DNA–catanionic vesicle
complexes into distinct lamellar nanostructures, with encapsu-
lation of DNA within the amphiphile lamellar stacks, was found
[14–16]. A highlight of these DNA–catanionic vesicle com-
plexes of great interest for gene delivery applications is the high
degree of DNA encapsulation; the underlying mechanism en-
abling further DNA uptake by the complexes is the release of
the anionic entity from the amphiphile bilayer [16].

Another significant reason why nonviral vectors are not
successful in the clinic, apart from the inefficient delivery
of nucleic acids, is their toxicological effects, which are in
particular due to the cationic entities. These toxicity conse-
quences can be avoided by designing new cationic amphiphiles
based on novel biocompatible molecules. By incorporating an
amino-acid-based engineered cationic amphiphile (arginine–
N -lauroyl amide dihydrochloride, ALA) into our mixtures, they
will be much better tolerated by biological systems than con-
ventional cationic amphiphiles. Indeed, cell viability tests per-
formed prove this to be right; cytotoxicity studies for ALA
alone and for catanionic mixtures used in this work resulted in
cell viability percentages above 90% (results to be published).
ALA has also been reported as being biodegradable [18]. Fur-
thermore, multivalent lipids have been described as superior to
their monovalent counterparts as transfection agents [19,20],
and ALA is a divalent amphiphile.

In this work we have investigated the interaction of DNA
with a mixed system composed of ALA and sodium cetylsulfate
(SCS). From an analysis of the supernatant we get a picture
of the colloidal behavior and stability. The concentrated phase
is investigated with respect to internal structure by SAXS and
cryo-TEM, the latter technique also providing information on
particle size and shape. The manipulation of the morphology
and size of the particles formed by tuning the electrostatics of
the system is also explored.

The study complements our previous study of another anal-
ogous system with an anionic surfactant of much shorter chain
length, sodium octylsulfate (SOS) [16]. It is known that vesi-
cle stability is much dependent on the relative amphiphilicity
of the two surfactants [8–10,21]. In addition to a comparison
with our previous study on the SOS system, we also include in
this report additional data for this system.

2. Experimental

2.1. Materials

Sodium octyl- and cetylsulfates (SOS and SCS) were ob-
tained from Merck and used as received; arginine–N -lauroyl
Fig. 1. Chemical structure of the amino-acid-based amphiphile (ALA) used in
this study.

amide dihydrochloride (ALA) is a divalent cationic amphiphile
(Fig. 1); its synthesis and physiochemical properties can be
found in the literature [18,22,23]. Double stranded DNA (ds-
DNA) type XIV from herring testes was purchased from Sigma
and used as received. DNA was further investigated by gel elec-
trophoresis to determine its molecular weight; it was found to
be polydisperse and have between 400 and 1000 base pairs
(bp), with a center of the distribution at ca. 700 bp. All DNA
concentrations were determined spectrophotometrically consid-
ering the molar extinction coefficient of DNA bases to be equal
to 6600 M−1 cm−1 [24]. The ratio between the measured ab-
sorbances at 260 and 280 nm of DNA stock solutions was found
to be between 1.8 and 1.9, which suggested the absence of pro-
teins [25]. All concentrations are presented per charge. Water
was purified using a Millipore Q system.

2.2. Sample preparation

Solutions of catanionic vesicles were prepared by making
stock solutions of individual amphiphiles, combining them, at
the desired composition, to a required amount of water (W)
and mixing all components by simple hand agitation. The vesi-
cle solutions used were ALA/SCS/W and ALA/SOS/W. The
ALA/SCS solution had a total amphiphile concentration of 0.5
wt% with a molar charge ratio of ALA to SCS of 2.9. The
ALA/SOS one had a total amphiphile concentration of 1 wt%
with a molar charge ratio of ALA to SOS of 1.7. After solution
preparation, solutions were left to equilibrate at room tempera-
ture for a few days.

Stock solutions of double stranded DNA were prepared at
1 mM NaBr and added to the vesicle solutions to achieve the
required final concentration.

Mixed solutions of DNA and vesicles were prepared at
different DNA to vesicle effective net charge ratios, R =
[DNA]/[S+]eff [26], where [S+]eff is the vesicle effective
cationic net charge concentration, which is the difference be-
tween the concentration of ALA and the anionic amphiphile
concentrations (concentrations determined per charge). The
next step consisted in centrifuging all samples for 10 min at
4000 rpm. The supernatant was taken off by pipetting the upper
part of the centrifuged samples.
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2.3. Cryogenic transmission electron microscopy

Cryo-TEM is a powerful technique for direct visualization of
colloidal aggregates in aqueous media, provided particle sizes
range from 5–10 nm to 1 µm. Controlled sample preparation
conditions are required: a controlled-environment vitrification
system (CEVS), at controlled temperature (to prevent temper-
ature changes) and humidity (to minimize water loss), was
used [27]. Vitrified samples were prepared and imaged accord-
ing to a procedure described in the literature [27–29]. A Philips
CM 120 Bio-Twin microscope equipped with a post-column
energy filter, using an Oxford CT3500 cryoholder and its work-
station, was used. All images were recorded digitally through a
CCD camera (Gatan MSC791).

2.4. Small angle X-ray scattering

The SAXS data were recorded with a Kratky compact small-
angle system equipped with a position sensitive detector (OED
50M from Mbraun, Austria) containing 1024 channels of width
53.0 µm. A monochromator with a 10-µm-thick nickel filter was
used to select the CuKα radiation (λ = 1.542 Å) provided by
the generator, and a 1.5-mm W filter was used to protect the
detector from the primary beam.

The generator (Seifert ID-300 X-ray) was operating at 50 kV
and 40 mA. After centrifuging the samples, the precipitate was
separated from the supernatant and enclosed in a stainless steel
sample holder for solids with mica windows. The distance be-
tween the sample and detector was 277 mm. The diffraction
patterns were recorded at 25 and 37 ◦C. The temperature was
maintained constant within 0.1 ◦C by a Peltier element. The
optics and the sample cell were both held under vacuum to min-
imize the scatter from air.

3. Results

3.1. Characterization of the catanionic vesicle systems

In previous work we have reported on the phase behavior and
aging characteristics of a number of amino-acid-based catan-
ionic mixtures [30], having found that, in analogy with several
other mixed cationic–anionic amphiphile systems, it presents
a spontaneous formation of vesicles, which have a long-term
stability. The reasoning behind the use of an amino-acid-based
single-tail amphiphile lays on the fact that ALA presents cell vi-
ability percentages above 90% (results to be published); ALA
has also been reported as being biodegradable [18].

The ALA/SCS vesicle mixture used has an ALA to SCS
molar charge ratio of 2.9 at 0.5 wt% in water. The ALA/SOS
vesicle mixture used corresponded to a 1 wt% mixture at a
molar charge ratio of 1.7. Both samples presented a bluish
look, characteristic of the presence of vesicles in solution
[10,31].

In Fig. 2 cryomicrographs of the vesicle solution of ALA/
SOS are represented. Unilamellar and multilamellar vesicles
were observed throughout the images taken; a clear perception
Fig. 2. Cryo-TEM images of the system ALA/SOS/W, 1 wt%, at an ALA/SOS
molar charge ratio of 1.7. Unilamellar and multilamellar vesicles were imaged.

of the polydispersity of the vesicles is obtained by looking at all
images.

Cryomicrographs for the ALA/SCS vesicle system are ex-
emplified by Fig. 3. As for the previous system, both unil-
amellar and multilamellar vesicles were observed; the vesicles
also show some degree of polydispersity, presenting a ten-
dency for larger vesicles than with SOS as the anionic surfac-
tant.

In order to have a clearer assessment of the degree of poly-
dispersity of these vesicle systems, we monitored a consider-
able number of vesicles within the cryomicrographs taken. By
measuring the diameter of each vesicle we were able to repre-
sent the size distribution for the two systems, see Fig. 4. For the
SOS-based system, a population of 396 vesicles was analyzed;
the number-average radius was determined giving a value of
35.5 nm. For the SCS-based system, a population of 426 vesi-
cles was measured giving a number-average radius of 80.9 nm.
Furthermore, by comparing the size distributions in Fig. 4 we
can conclude that the SOS-based vesicle system has a lower
degree of polydispersity and presents smaller average vesicle
sizes.
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Fig. 3. Cryo-TEM images of the system ALA/SCS/W, 0.5 wt%, at an ALA/SCS
molar charge ratio of 2.9. Unilamellar and multilamellar vesicles can be seen
throughout the sample.

3.2. Interaction between DNA and the biocompatible
catanionic vesicles

DNA was added to the vesicle solutions at different ratios
of DNA to vesicle effective net charge concentration, R =
[DNA]/[S+]eff, where [S+]eff = [ALA]–[SOS or SCS]; all con-
centrations are in moles per charge. We are interested in the
characterization both of the supernatant and of the precipitated
complexes. For the precipitated complexes we explore how the
inner microstructure changes with R. A correlation between the
precipitated complexes and the complexes remaining in the su-
pernatant will be presented.

3.3. Qualitative inspection of colloidal phase separation

All mixtures were prepared by adding DNA to the vesi-
cle solutions at different charge ratios, R, between DNA and
vesicles. Simply by eye inspection no differences in phase sep-
aration could be observed between the two systems. Phase sep-
aration occurred for all samples, and increased with R until
the isoelectric point (R = 1), from which point on partial re-
dissolution of the precipitate starts to take place. For R values
Fig. 4. Vesicle size distribution histograms obtained from cryo-TEM images
taken for the vesicle systems ALA/SOS/W and ALA/SCS/W, as depicted in
the figure. A higher degree of polydispersity was observed for the system
ALA/SCS/W. A population of 396 particles was analyzed for the sample con-
taining SOS and the number-average radius obtained was 35.5 nm. A popu-
lation of 426 particles was analyzed for the system containing SCS and the
number-average radius obtained was 80.9 nm.

below 0.8, the supernatant presented a turbid bluish look; within
0.8 < R < 1.2, a clear solution could be visualized, while for
higher R values it became turbid again, but with a more trans-
parent appearance than for lower R values.

3.4. Microstructure investigation of the concentrated phase

In Fig. 5 the SAXS spectra for the ALA/SOS/DNA precipi-
tate of samples with R = 0.8, 1.0, 1.2 and 1.5, as depicted in the
image, can be seen. Due to the redissolution effect mentioned
above it was difficult to obtain sufficient amount of precipitate
to perform SAXS experiments for higher R values than 1.5.
For all samples studied a short-range amphiphile lamellar struc-
ture (with q values in the ratios 1:2:3), and with an additional
1D DNA arrangement within these stacks, has been deduced.
A repeat distance of 4.7 nm for the lamellar structure has been
calculated for all samples. Correlating this value with the repeat
distance of 4.7 nm obtained from cryo-TEM (see below) for the
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Fig. 5. SAXS diffractograms of precipitated complexes of DNA and SOS-based
catanionic vesicles at different DNA to effective cationic amphiphile charge
ratios, R (0.8, 1.0, 1.2, 1.5), as depicted in the figure. The arrows indicate the
location of the DNA peak. Measurements were performed at both T = 25 and
37 ◦C showing the same results. Here we show the ones performed at 37 ◦C.

Fig. 6. SAXS diffractograms of precipitated complexes of DNA and SCS-based
catanionic vesicles at different DNA to effective cationic amphiphile charge ra-
tios, R (0.4, 1.0, 1.5, 2.0), as shown in the figure. The arrows guide the eye
through the DNA peak displacement. Measurements were performed at both
T = 25 and 37 ◦C showing the same results. Here we illustrate the ones per-
formed at 37 ◦C.

sample with R = 1.0 (Fig. 9b), one can see a good agreement.
The additional organization related to the DNA–DNA corre-
lation is indicated by the arrows in the spectra. For R = 0.8
we can reliably determine the DNA–DNA spacing as being
28 nm. However, from R = 1.0 and upward, the DNA–DNA
spacing peak starts to interfere with the second diffraction peak
of the amphiphile organization, with a partial overlap, making
it less defined and broader; this makes it difficult to determine
the DNA–DNA spacing. Nevertheless, we can safely state that
there are higher q values as the amount of DNA increases, in-
dicating that the DNA molecules, as expected, approach each
other.

In Fig. 6 the SAXS spectra for the ALA/SCS/DNA precip-
itate of samples with R = 0.4, 1.0, 1.5 and 2.0, as depicted in
the image, can be seen. For all samples studied a short-range
amphiphile lamellar structure (with q values in the ratios 1:2)
with an additional 1D DNA arrangement within these stacks
has been deduced. A repeat distance of 5.8 nm for the lamellar
Fig. 7. Schematic representation of the microstructure of the catanionic vesi-
cle–DNA complexes obtained from the SAXS measurements. The DNA mole-
cules are represented by helices on this molecular scale. The anionic (smaller
dark heads) and cationic (larger gray heads) amphiphiles comprising the mem-
brane are represented by a globular head with a tail.

structure has been calculated for all samples. Correlating this
value with the repeat distance of 6 nm obtained from cryo-TEM
(see below) for the sample with R = 1.0 (Fig. 12b), one can see
a good agreement. The additional organization related to the
DNA–DNA correlation is indicated by the arrows in the spec-
tra. We can see that there exists a broad DNA–DNA peak for
R = 0.4 and 1.0. However, for R = 1.5 and 2.0 the DNA–DNA
spacing peak is not as clear. Nevertheless, we believe it presents
the same behavior as for the ALA/SOS/DNA spectra—a dis-
placement of the DNA–DNA spacing peak to higher q values
with increasing R.

A schematic representation of the lamellar phase found for
both systems, where the DNA molecules are arranged within
the lamellar stacks, is represented in Fig. 7.

3.5. Observations by cryo-TEM related to the solution
complexes

Cryo-TEM was applied to investigate the size, morphology
and inner structure of the complexes formed when oppositely
charged vesicles interact with DNA.

From Figs. 8–10 we provide cryo-TEM micrographs, which
are representative of the structures found in the studied ALA/
SOS/DNA samples, for different R values.

For the sample with R = 0.4 (Figs. 8a–8c), as can be seen
from Table 1, only a fraction of 0.07 of unperturbed vesicles
was found; the largest population, with a fraction of 0.80, being
the smaller complexes (total complex area c < 300×300 nm2);
some larger complexes start to be seen. The few vesicles visual-
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Fig. 8. Cryo-TEM micrographs of the supernatant for the mixture of ALA/SOS vesicles and DNA at R = 0.4. (a) An unperturbed DNA-loaded vesicle is visualized.
(b, c) DNA-loaded complexes are visualized.
Table 1
Observed fractions of aggregates of different sizes as visualized by cryo-TEM
for both systems at different R values, R = [DNA]/[S+]eff

System R x
c<300×300 nm2 x

c>300×300 nm2 xv

ALA/SOS/DNA 0.4 0.80 0.13 0.07
1.0 0.24 0.76 0
1.5 0.52 0.48 0

ALA/SCS/DNA 0.4 0.19 0.04 0.77
1.0 0.66 0.34 0
1.5 0.93 0.07 0

A separation between the fraction of complexes with apparent area size
smaller or larger than 300 × 300 nm2, respectively x

c<300×300 nm2 and
x
c>300×300 nm2 , was made. xv represents the fraction of vesicles visualized.

ized seem to be DNA-rich since they were beam sensitive. If we
allow the electron beam to irradiate the sample for a little less
than one minute the vesicle structures begin to burn and this has
been related before to the presence of DNA [32].

For the sample with R = 1.0 (Figs. 9a–9d) aggregation is
at its maximum with the fraction of larger complexes reaching
a value of 0.76. A reorganization of the inner bilayers through
merging is evident throughout the cryomicrographs. No vesi-
cles were visualized. An expansion of an area in Fig. 9a, where
perfectly parallel bilayers can be visualized, is represented as an
inset of the same image. In Fig. 9b, the electron density profile
of this inset is also represented; perfectly arranged and equally
separated minima give us a bilayer distance of 4.7 nm.

Above the charge equivalence, for R = 1.5 (Figs. 10a and
10b), the system has an excess of negative charges giving rise
to a swelling effect due to electrostatic repulsion and the frac-
tion of larger aggregates decreases, while the fraction of smaller
aggregates increases.

Representative cryomicrographs of the system ALA/SCS/
DNA, at different R values, are illustrated in Figs. 11–13.

For the sample with R = 0.4 (Figs. 11a–11c) the largest pop-
ulation of unperturbed vesicles was found, with a fraction of
0.77, as can be seen from Table 1. By performing the beam
irradiation test mentioned above in regions were the ice was vit-
rified, we deduce that they are loaded with DNA. Some larger
complexes start to be seen (0.04), the smaller ones being more
frequent (0.19).

At R = 1.0 (Figs. 12a–12d) no vesicles were visualized; the
fraction of aggregated complexes increases, and we obtained a
fraction of large complexes (c > 300 × 300 nm2) of 0.34; the
larger population is the smaller complexes (c < 300×300 nm2)
with a fraction of 0.66. As for the SOS-based system, at the
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Fig. 9. Cryo-TEM micrographs of the supernatant for the mixture of ALA/SOS vesicles and DNA at R = 1.0 (a, c, d). A magnified detail of (a) can be seen in the
inset of this image; the electron density of the presented line is shown in (b), where a spacing periodicity of 4.7 nm is shown for the multilamellar structures formed.
T = 25 ◦C.
electroneutral point (R = 1), reorganization of the inner bilay-
ers through merging is perceived throughout the images taken.
In the inset of Fig. 12a, an expansion of the image, where per-
fectly parallel bilayers can be visualized, is represented. Its
electron density profile gives a repeat distance of 6 nm, as de-
picted in Fig. 12b.

Above the charge equivalence, for R = 1.5 (Figs. 13a–13c),
due to an excess of negative charges, fragmentation of the ag-
gregates is inferred from the large increase in the fraction of
smaller complexes, xc<300×300 nm2 = 0.93.

As an overview of the cryo-TEM observations we can make
the following comments: initially, for samples with lower DNA
content, we see that small globular complexes (Figs. 8 and 11)
are more common, and their inner structure is lamellar; at this
point, these individual globular complexes can start aggregat-
ing leading to a morphologically different complex (Fig. 11b);
by adding more DNA the degree of aggregation increases; at
the isoelectric point, R = 1, the individual globular complexes
seem to have merged into each other by rearranging and re-
orienting their inner bilayers; as a result we no longer see the
individual complexes that form the particle (Figs. 9 and 12);
above the isoelectric point the complexes seem to gradually lose
their internal organization and fragment into smaller complexes
(Figs. 10 and 13).

An important aspect emerges from the above overview—the
ability to manipulate and control the internal structure, the mor-
phology and the size of the complexes formed by changing only
one parameter: the charge ratio between DNA and the catan-
ionic vesicles. Furthermore, by changing a component within
the mixture (SOS or SCS), some features also change, the most
preeminent being the spacing between the lamellas, which in-
creases with the alkyl chain length of the amphiphile.

4. Discussion

4.1. Microstructure of the DNA/vesicle complexes

4.1.1. Concentrated phase
As mentioned above, when performing SAXS measure-

ments on the precipitated complexes at different R values we
obtained spectra characteristic of a lamellar structure with an
additional diffraction peak from the DNA arrangement within
the lamellar stacks. The described structure presents a charac-
teristic repeat distance and a DNA–DNA spacing which de-
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Fig. 10. Cryo-TEM micrographs of the supernatant for the mixture of
ALA/SOS vesicles and DNA at R = 1.5. T = 25 ◦C.

creases as more DNA is added (better seen for the SOS system).
This can be interpreted in terms of an increasing introduction of
DNA into the lamellar phase. This is compensated by a release
of the anionic amphiphile; the bilayers, therefore, become in-
creasingly positively charged and compensate for the increased
DNA concentration in the water layers of the lamellar phase.
The formation of this kind of structure has previously been
reported in the literature for lipidic and amphiphilic-based sys-
Fig. 11. Cryo-TEM micrographs of the supernatant for the mixture of ALA/SCS
vesicles and DNA at R = 0.4. (a) Unperturbed DNA-loaded vesicles are visu-
alized. (b, c) Perturbed DNA-loaded complexes are visualized.

tems and DNA [14,16,33–35]. Furthermore, we believe that the
fact that the DNA–DNA spacing decreases for R values above 1
is characteristic for catanionic-based systems, and that it repre-
sents an advantage from a transfection point of view [36] since
it allows further compaction of DNA compared with liposome-
based systems, where, after reaching the charge stoichiometry
between cationic lipid and DNA, further addition of DNA does
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Fig. 12. Cryo-TEM micrographs of the supernatant for the mixture of ALA/SCS vesicles and DNA at R = 1.0 (a, c, d). A magnified detail of (a) can be seen in the
inset of this image; the electron density of the presented line is shown in (b), where a spacing periodicity of 6.0 nm is shown for the multilamellar structures formed.
T = 25 ◦C.
not result in a decrease in the DNA–DNA spacing within the
complex [37].

As a rough estimate, we can calculate the repeat distances for
the systems studied and compare with the experimental results
obtained. For that we need to consider the maximum length of
a fully extended alkyl chain to be given in nanometers (nm) by
the equation l = 0.15+0.127nc, where nc is the number of car-
bon atoms in the chain [38]. From the literature we also know
that in the liquid state the membrane thickness is approximately
1.6lmax. Thus, for the SOS-based system, since we have a mix-
ture of 12 and 8 carbon alkyl chains, we would have lALA =
1.67 nm and lSOS = 1.17 nm; as the bilayer membrane is con-
stituted by both amphiphiles we would have an intermediate
membrane thickness of dmem = 1.6(lALA + lSOS)/2 = 2.27 nm.
For the SCS-based system, we get lALA = 1.67 nm and lSCS =
2.18 nm and dmem = 1.6(lALA + lSCS)/2 = 2.91 nm. Taking
into account the presence of DNA and considering that a DNA
molecule with one hydration shell has a diameter of ca. 2.5 nm,
we would get a repeat distance of approximately 4.77 nm for
the SOS-based system and of 5.41 nm for the SCS-based one.
For the SOS-based system the calculated value of 4.77 nm is
quite close to the one obtained experimentally. However, for
the SCS-based system, we expected that SCS should have a
larger contribution to the bilayer thickness; actually, if we try to
fit the bilayer thickness formula dmem = 1.6((1 − xSCS)lALA +
xSCSlSCS), xSCS being the fraction of SCS molecules contribut-
ing to the bilayer thickness, to the estimated spacing of 3.3 nm
(dmem = DSAXS − dDNA = 5.8 − 2.5 = 3.3 nm), we get a value
of xSCS equal to 0.77, thus giving an indication that for this sys-
tems SCS gives a larger contribution to the bilayer thickness.
These results indicate that both amphiphiles are contributing to
the final bilayer thickness, instead of the expected result that the
longer alkyl chain amphiphile alone controls it.

4.1.2. Solution complexes
Cryo-TEM images together with the calculated fractions of

the different complexes, shown in Table 1, give a good insight
into the association behavior in the supernatant solution. As
DNA is added to the vesicle solution, small globular complexes
start to form at low concentrations; at this point vesicles are
still visualized in solution, with the difference of containing
DNA; a limited degree of aggregation of the globular com-
plexes is detected; increasing the DNA content leads to an
increasing degree of complex aggregation; larger clusters are
formed as noted from the maximum in the fraction of larger ag-
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Fig. 13. Cryo-TEM micrographs of the supernatant for the mixture of ALA/SCS vesicles and DNA at R = 1.5. (a–c) Small complexes (�100 nm) dispersed within
◦
the sample are visualized. T = 25 C.
gregates (xc>300×300 nm2 ) for both systems at R = 1. Cluster
formation at electroneutrality has been previously seen in the
studies of polyelectrolyte–oppositely charged amphiphile sys-
tems, both experimentally [14,37,39–41] as well as in Monte
Carlo simulations [42]. Above the isoelectric point, the clusters
start to become smaller and the complexes begin drifting apart
from each other, due to electrostatic repulsions generated by
the excess of negative charges in the structures. This decrease
in aggregation has been reported previously for DNA–cationic
liposome complexes [37], and has been related with charge re-
versal of the complexes due to excess of DNA [37]. In a study
on DNA in the presence of oppositely charged catanionic vesi-
cles, it was demonstrated that excess of DNA did not lead to
the coexistence of DNA–vesicle complexes and DNA [37], but
most probably to the inclusion of DNA in excess in the com-
plexes and, therefore, to a coexistence of complexes and anionic
amphiphile micelles expelled from the bilayers [16].

4.2. Remarks on the phase behavior

The interaction between oppositely charged amphiphiles
and DNA is strongly attractive. No qualitative differences in
phase behavior were observed between the ALA/SOS/DNA
and ALA/SCS/DNA systems. Precipitation was observed for
all mixing ratios, which correlates well with a strong asso-
ciation. As the concentration of DNA increases in the vesi-
cle solution, the amount of precipitate increases till we reach
charge neutrality (R = 1); from this point on, as more poly-
electrolyte is added into solution, redissolution of the precip-
itate starts to be noticed. These features are commonly asso-
ciated with polyelectrolyte–oppositely charged amphiphile sys-
tems [43–45], as well as oppositely charged mixed amphiphile–
polyelectrolyte systems [41]. It has been shown by means of
Monte Carlo simulations, that at charge equivalence, the sys-
tem becomes unstable and phase separates [42] and that fur-
ther addition of polyelectrolyte resulted in a single and stable
macroion–polyelectrolyte solution due to a redissolution ef-
fect [42]. This has been experimentally shown by Carnali [45],
where complete redissolution of the precipitate was observed
on the addition of excess polyelectrolyte; by adding even more
polyelectrolyte, another phase separation occurred, this time of
the segregative type [45]. In contrast to this, studies on DNA–
oppositely charged catanionic vesicle systems showed that ex-
cess DNA does not induce complete redissolution of the precip-
itate [14,16], as we also observed for the two systems consid-
ered in the present work. Thus, we can assume that the introduc-
tion of an amino-acid-based amphiphile in the catanionic sys-
tem does not give rise to qualitative differences in the phase be-
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havior of mixed DNA–amphiphile systems as compared to clas-
sical amphiphiles [14]. The main advantage of the amino-acid-
based systems presented here is the possibility of using them in
real biological applications, having as a tool the physical chem-
istry knowledge obtained from studying more classical systems.

5. Conclusions

The interaction between positively charged amino-acid-
based catanionic vesicles is, as expected, strongly associative.
Mixing DNA and vesicles in solution leads to phase separation
for all mixing ratios between DNA and the catanionic mixtures
studied; above the isoelectric point, partial redissolution of the
complexes is observed. The inner structure of the precipitate
corresponds to organization in bilayers of both amphiphiles,
while DNA occupies the interbilayer gap. By substituting SOS
for SCS, an increase in the repeat distance of the complexes,
from 4.7 to 5.8 nm, is denoted; SCS seems to have a higher
contribution to the final bilayer thickness within the complexes.
DNA molecules located within these lamellar stacks present
a characteristic spacing which decreases on further DNA ad-
dition. In the supernatant, as the DNA content increases, the
individual complexes start to aggregate forming large clusters;
above the isoelectric point, due to an excess of negative charges,
the clusters disintegrate and the complexes seem to fragment,
decreasing their sizes.
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