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ABSTRACT: The potential of lipoplexes constituted by the
DNA pEGFP-C3 (encoding green fluorescent protein),
polycationic calixarene-based macrocyclic vector (CxCL)
with a lipidic matrix (herein named TMAC4), and zwitterionic
lipid 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine
(DOPE) as nontoxic DNA vectors has been analyzed from
both biophysical and biochemical perspectives. For that
purpose, several experimental methods, such as zeta potential
(PALS methodology), agarose gel electrophoresis, small-angle
X-ray scattering (SAXS), transmission electronic cryo-micros-
copy (cryo-TEM), atomic force microscopy (AFM), fluorescence microscopy, and cytotoxicity assays have been used. The
electrochemical study shows that TMAC4 has 100% of its nominal charge available, whereas pDNA presents an effective negative
charge that is only 10% that of its nominal one. PALS studies indicate the presence of three populations of nanoaggregates in
TMAC4/DOPE lipid mixtures, with sizes of approximately 100, 17, and 6 nm, compatible with liposomes, oblate micelles, and
spherical micelles, respectively, the first two also being detected by cryo-TEM. However, in the presence of pDNA, this mixture is
organized in Lα multilamellar structures at all compositions. In fact, cryo-TEM micrographs show two types of multilamellar
aggregation patterns: cluster-type at low and moderate CxCL molar fractions in the TMAC4/DOPE lipid mixture (α = 0.2 and
0.5), and fingerprint-type (FP), which are only present at low CxCL molar fraction (α = 0.2). This structural scenario has also
been observed in SAXS diffractograms, including the coexistence of two different phases when DOPE dominates in the mixture.
AFM experiments at α = 0.2 provide evidence that pDNA makes the lipid bilayer more deformable, thus promoting a potential
enhancement in the capability of penetrating the cells. In fact, the best transfection perfomances of these TMAC4/DOPE-pDNA
lipoplexes have been obtained at low CxCL molar fractions (α = 0.2) and a moderate-to-high effective charge ratio (ρeff = 20).
Presumably, the coexistence of two lamellar phases is responsible for the better TE performance at low α.
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■ INTRODUCTION

One of the major challenges in gene therapy is to find safe and
efficient gene carries. Much effort has been dedicated in the
past decade to broadening the range of compounds capable of
compacting, protecting, transporting, and delivering nucleic
acids into the cell where the complex biological cell machinery
will be in charge of expressing the proper proteins.1−8 This
string of actions is known as cell transfection, and the main aim
of any group working in this field to carry on this complex
process with the highest efficiency conjugated with the lowest
danger (toxicity) to the cells, which must keep their integrity
and remain viable for growth after transfection. In this respect,
nonviral vectors present several advantages with respect to viral
ones, as they can compact higher amounts of DNA, their
production is cheaper, and they generally do not trigger an

immune response.2,3,9−15 However, their transfection efficiency
and their cytotoxicity levels are areas that still require
improvement. The most widely used nonviral vectors are
cationic lipids (CLs),2−4,13,16−23 presumably because of their
significant similarity with the cell membrane and good levels of
transfection; however, they also have several inconveniences,
such as moderate-to-high cytotoxicity, nonspecific interactions
with plasma proteins, and poor structural control of the
complexes formed with DNA. In this regard, the synthesis of
new compounds in the area of supramolecular chemistry has
opened new possibilities to the design of chemical agents able
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to control their assembly with DNA by forming better defined
and stable nanostructures, even in biological media.24,25 A large
number of gene vectors based on supramolecular building
blocks have recently been proposed, one of the most important
groups being macrocyclic molecules, such as cyclodextrins,
fullerenes, calixarenes, and pilararenes.24−32 Most of these
molecules are characterized by a well-defined 3D topology,
stable shapes, and an interesting facial amphiphilicity24,33 that
allows them to be functionalized on one face with adequate
cationic groups that yield the necessary positive charge to act as
DNA carriers, and, on the other face, with lipid-type chains that
permit them to self-aggregate into well-defined aggregation
patterns. In particular, calixarenes are macrocycles formed via a
phenol-formaldehyde condensation and present a cuplike shape
with a central hydrophobic cavity and an upper and lower rim
that allows efficient region-selective chemistry, as described
above.34 For this reason, they are versatile macrocyclic
compounds (CxCL) that combine the properties of both
macrocyclic hosts and self-organizing systems, such as micelles
and liposomes.35 In addition, their relatively easy synthesis and
their low toxicity levels make them really promising vectors in
gene delivery applications. Conversely, it is known that
zwitterionic lipids, such as 1,2-dioleoyl-sn-glycero-3-phosphoe-
thanolamine (DOPE), play an important role in transfection
processes because they increase the fusogenic properties of the
vector and reduce the cytotoxicity of the complex. Several
physicochemical and biological studies have been reported on a
variety of calixarene-based vectors,29−31,33,36−40 either mixed
with helper lipids (as DOPE) or alone, and show that these
macrocycles may efficiently compact DNA and are able to
introduce biopolymers into cells through a subsequent
transfection event. It is remarkable that none of these reported
studies work with effective charges of both components of the
lipoplex, the nanovector, and the plasmid, this fact being of
special relevance given that it has been demonstrated that
effective available charges (either positive from the vector or
negative from the plasmid) are not always equivalent to their
nominal ones.23,41−43 Accordingly, more biophysical and

biochemical characterizations are necessary to find an adequate
correlation between physicochemical properties of the com-
plexes formed (mostly electrochemical and structural character-
istics) and their biological performances (transfection efficiency
and cell viability) in what is called a structure−activity
relationship (SAR). In this respect, this work reports a
complete biophysical and biological study of the outcomes of
a nonviral DNA vector of a mixed system consisting of DOPE
and a polycationic calixarene-based lipid vector CxCL
(TMAC4) with four trimethylammonium cationic groups on
the upper ring of the macrocycle and four 10C chains on the
lower ring. Scheme 1 shows the structure of both molecules. A
series of high precision experimental techniques (including
electrophoretic mobility-zeta potential, agarose gel electro-
phoresis, SAXS, cryo-TEM, and AFM) have been used to
evaluate the electrochemical and structural characteristics of
these nanoaggregates in the absence and presence of plasmid
DNA, and with this information in mind, their capacity to
transfect living human cancer cells in a safe way has also been
verified by means of fluorescence microscopy and MTT assays.

■ EXPERIMENTAL SECTION
Materials. pEGFP-C3 plasmid DNA (pDNA) was extracted from

competent Escherichia coli bacteria previously transformed with
pEGFP-C3 with the extraction being carried out using a GenElute
HP Select plasmid Gigaprep Kit (Sigma-Aldrich) following a
previously described protocol.42,44 Sodium salt of calf thymus DNA
(ctDNA), provided by Sigma-Aldrich, was used as linear DNA to
determine the lipid charge (qCxCL

+ ) of the cationic vector. The
zwitterionic lipid 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine
(DOPE) was purchased from Avanti Polar Lipids and has no charge at
a physiological pH of 7.4. The polycationic calixarene-based lipidic
vector CxCL is 5,11,17,23-tetrakis(trimethylammonio)-25,26,27,28-
tetra-n-decyloxy calix[4]arene tetrachloride, referred to in this work as
TMAC4; it was synthesized as described in the literature,45 although
the step for the chloromethylation was performed using a slightly
modified literature procedure.46 1H-NMR (300 MHz, DMSO-d6): δ
6.88 (s, 8H, ArH), 4.48 (s, 8H, Ar-CH2-N), 4.37 (d, 4H, Ar-CH2-Ar),
3.89(t, 8H, Ar-O-CH2), 3.32(d, 4H, Ar-CH2-Ar), 2.94 (s, 36H,

Scheme 1. Molecular Structures of (a) TMAC4 and (b) DOPEa

aCPK model of TMAC4 has been obtained with an MM-AMBER calculation, whereas that of DOPE has been taken from Avanti Polar Lipids.
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N(CH3)3), 1.88 (m,8H, -CH2-CH2-O-Ar), 1.32 (m, 56H, alkyl-CH2),
0.85 (t, 12H, CH3-CH2-).
Preparation of Lipoplexes. Dry films of the mixture formed by

the CxCL vector TMAC4 and the neutral helper lipid DOPE were
prepared following a procedure fully described by our group
previously.42 Briefly, appropriate amounts of both components were
dissolved in chloroform to obtain the desired CxCL molar fraction α =
nCxCL/(nCxCL+ nDOPE), where nCxCL and nDOPE are the moles of CxCL
and DOPE, respectively, in the TMAC4/DOPE lipid mixtures, and
afterwards, chloroform was removed under high vacuum to yield a dry
lipid film. This dry film was subsequently hydrated with HEPES buffer
(40 mM, pH = 7.4) and sequentially extruded according to a
procedure also previously described.47 Finally, equal volumes of pDNA
and cationic vector suspensions were mixed to yield the desired
lipoplex composition, which can be expressed either in terms of the
mass ratio (mGV/mDNA) between total mass of the gene vector mGV =
(mCxCL + mDOPE) to plasmid DNA (mDNA) or as the effective charge
ratio (ρeff) between the CxCL and pDNA charges. pDNA
concentrations were optimized to fit the optimum conditions for
each experimental technique as follows: 0.05 mg/mL for zeta potential,
1 mg/mL for cryo-TEM, 200 μg/capillary for SAXS, 200 ng/well for
gel electrophoresis, 0.05 and 0.5 mg/mL for AFM, 4 μg/mL each for
the TE determination and fluorescence microscopy, and 1 μg/mL for
the cell viability assays.
Characterization of Lipoplexes. Size and zeta potential

measurements were run at 25 °C with a Phase Analysis Light
Scattering technique (Zeta PALS, Brookhaven Instrum. Corp.,
USA).42,43 Each electrophoretic mobility datum is taken as an average
over 50 independent measurements. Zeta potentials for the lipoplexes
were measured at different CxCL molar fractions (α) of the lipid
mixture and at several mGV/mDNA ratios of the lipoplexes.
Small-angle X-ray scattering (SAXS) experiments were carried out

on the beamline NCD11 at ALBA Synchrotron Barcelona (Spain).
The energy of the incident beam was 12.6 keV (λ = 0.995 Å). The
machine was run in multibunch mode with a filling pattern consisting
of 10 trains, 64 ns long, and a gap of 24 ns between the trains. Samples
were placed in sealed glass capillaries. The scattered X-ray diffraction
pattern was detected on a CCD detector Quantum 210r, converted to
one-dimensional scattering by radial averaging, and represented as a
function of the momentum transfer vector. SAXS experiments were
run at each α and at several effective charge ratios (ρeff) of the
lipoplexes.42

Cryo-TEM experiments were run for TMAC4/DOPE mixtures in
the absence and presence of pDNA, following standard proce-
dures.48,49 In these experiments, perforated Quantifoil R1.2/1.3 (1.2
μm hole diameter) on a 400-mesh copper grid were used. Images were
obtained using a Jeol JEM 2011 cryo-electron microscope operated at
200 kV under low-dose conditions and using different degrees of
defocus (500−700 nm) to obtain an adequate phase contrast.50

Images were recorded on a Gatan 794 Multiscan digital camera. These
CCD images were processed and analyzed with a Digital Micrograph.
Liquid AFM imaging was performed at room temperature using a

Multimode Microscope controlled by Nanoscope V electronics
(Bruker, AXS Corporation, Madison, WI). Sample images were
acquired in contact mode using MSNL-10 V-shaped Si3N4 cantilevers
(Bruker AFM Probes, Camarillo, CA) with a nominal spring constant
of 0.03 N m−1. The scan velocity was 3 Hz, and feedback parameters
were optimized to apply the minimum vertical force. Supported lipid
bilayers (SLBs) were spread on mica surfaces by vesicle fusion. Briefly,
60 μL of 250 μM TMAC4/DOPE liposomes in 40 mM HEPES buffer,
pH 7.40, were deposited onto freshly cleaved mica disks. Samples were
incubated at 37 °C for 30 min in an oven using a water reservoir to
prevent evaporation of the water from the sample. After this period,
samples were washed with buffer to eliminate the nondeposited lipids.
Before scanning, it was necessary to drift equilibrate and thermally
stabilize the cantilever in the presence of buffer for no less than 30
min. All images were processed using NanoScope Analysis Software
(Bruker AXS Corporation, Santa Barbara, CA).
Biochemical Outcomes of Lipoplexes. Once TMAC4/DOPE

lipid mixtures were prepared in the absence of serum (−FBS), the

transfection of pEGFP-C3 plasmid DNA into HEK293T cells (human
embryo kidney transformed cancer) using these lipid mixtures was
performed in the presence of serum (+FBS) at several charge ratios.
Each sample was prepared in duplicate, and experiments were
independently repeated twice for each composition. Transfection
efficiency (TE) was evaluated by means of fluorescence microscopy.
Control experiments were performed using the commercial trans-
fection reagent Lipofectamine2000* (Lipo2000*).51

The cytotoxicity and cell viability of each lipid formulation toward
HEK293T cells was determined using the 3-(4,5-dimethylthiazole-2-
yl)-2,5-diphenyl tetrazolium bromide reduction method (MTT assay)
following a literature procedure.52,53 Lipoplexes were prepared using
50 ng of pDNA per sample with the appropriate amount of TMAC4/
DOPE mixtures to obtain the desired α and ρeff ratios. As fully detailed
previously,51 the percent cell viability was spectrophotometrically
determined with an ELISA reader.

■ RESULTS AND DISCUSSION

It is well-known that plasmids are mostly in supercoiled
conformations when they are at physiological conditions of pH
and ionic strength with this fact having a notorious effect on
their effective charges. In fact, we have previously demon-
strated42,43,54 that when they are compacted by cationic lipid
vectors, their effective charges are only 10−25% their nominal
ones. This feature has quite important implications for the
cytotoxicity of the gene vector, and in turn, on their
transfection effectiveness. For this reason, we believe that the
first step of any biophysical study of pDNA compaction and
transfection must necessarily rely on an electrochemical study
aimed to determine the effective charges of both components of
the lipoplex system (i.e., cationic gene vector and pDNA). In
this respect, we have developed and published a procedure to
fulfill this objective42−44 based on a two-step protocol that uses
the experimental zeta potential measurements as a function of
lipoplex composition to determine, (i) in the first step, the
effective charge of the cationic vector by characterizing the
lipoplexes formed by this vector and double stranded linear
DNA (ctDNA, with a well established charge of −2/bp), and
(ii) in the second step, the effective charge of the pDNA by
characterizing the lipoplex formed by the cationic vector of
already known charge (step i) and the pDNA. Figure 1 shows
the zeta potential measurements relative to lipoplex composi-
tion for both types of lipoplexes at different CxCL molar
compositions of the TMAC4/DOPE mixtures. Lipoplex

Figure 1. Plots of zeta potential against the lipoplex composition
(mGV/mDNA) of TMAC4/DOPE-DNA lipoplexes, ctDNA (solid
symbols), and pDNA (open symbols) for several CxCL molar fraction
of the TMAC4/DOPE lipid mixture at α = 0.2 (squares), α = 0.5
(circles), and α = 0.7 (triangles).
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compositions are expressed in terms of mass ratios, mGV/mDNA,
with mGV being the total mass of the cationic gene vector (mGV
= mCxCL + mDOPE) (i.e., the sum of the mass of the calixarene-
based cationic lipid vector, mCxCL, and the mass of the neutral
zwitterionic lipid DOPE, mDOPE) and the total mass of the
biopolymer (mDNA). As is typically observed, lipoplexes
constituted by plasmids reach the electroneutral composition
at lower values than those formed by linear DNA for a given
DNA concentration.
From the data in Figure 1 and the protocol commented on

above (and fully described in ref 44), we have found that the
calixarene-based cationic lipid vector used herein (TMAC4)
has an effective charge of +4 (within an experimental
uncertainty of <10%), whereas the pEGFP-C3 plasmid DNA
only yields ∼10% of its nominal charge with an average
effective charge of (−0.25 ± 0.03) /bp. This behavior is
consistent with that previously found for other cationic lipid
vectors already studied in our lab23,41−44,54 (i.e., the cationic
lipid vectors normally yield their total nominal positive charges
within a range of 10% of uncertainty, whereas plasmids usually
retain an important percentage of its cationic Na+ counterions,
yielding an effective negative charge that is much less negative
than that of its nominal one). This behavior has very important
consequences on the potential of these systems as safer and
effective gene vectors because as long as the charge of the DNA
is less negative the necessities of the cationic vector are also
fewer, thus decreasing the cytotoxicity of the vector.
Once these effective charges are known, lipoplex composi-

tions may and have to be expressed in terms of the effective
charge ratios, defined as

ρ = =
+

−

+

−
n
n

q m M

q m M

( )/

( )/eff
CxCL CxCL CxCL

pDNA pDNA pDNA

where n+ and n− are the number of moles of positive and
negative effective charges coming from the cationic vector and
pDNA, respectively, qCxCL

+ and MCxCL are the effective charge
and the molar mass of the cationic calixarene-based vector,
respectively, and qpDNA

− and MpDNA are the effective charge and
the average molar mass of pDNA per base pair (/bp),
respectively. Notice that, for this particular system, considering
the effective charges obtained and those described above, the
relation between effective and nominal charges ratios is ρeff = 8
ρnom.
The compaction level of pDNA by TMAC4/DOPE

formulations may be also evaluated by means of agarose gel
electrophoresis experiments. These studies (see Figure 2) were
performed at α = 0.20 (lanes 2−4), 0.5 (lanes 5−7), 0.7 (lanes

8−10), and 1 (lanes 11−13), each of them at effective charge
ratios (ρeff) of 2, 5, and 20, together with those for
uncomplexed pDNA (lane 1) as a positive control. Results
reported in Figure 2 reveal that pDNA is efficiently compacted
by cationic mixed TMAC4/DOPE liposomes because the
fluorescent bands disappear across the gel lanes as long as
either ρeff and/or α increase. Note that at α = 0.2, pDNA is not
totally compacted (i.e., fluorescence emission of the probe Gel
Red can be seen along the gel lane) until ρeff values are >5,
whereas at α = 0.7, no fluorescence in the gel lane is already
detected at ρeff = 2. This behavior is consistent with that
reported by Rodik et al.38 for a similar calixarene/pDNA
lipoplex. It is remarkable that, in their study, pDNA seems to be
compacted by the calixarene at very low charge ratios of ∼0.5;
however, it must be noted that the nominal charge of pDNA
(−2/bp) is used instead of the effective charge, which in the
present case is approximately eight times less negative (−0.25/
bp). Accordingly, the charge ratio for which Rodik et al. found
the pDNA compaction should be ∼1 order of magnitude higher
than that reported, which would be totally consistent with our
results. In any case, these results indicate that (i) the higher the
content of cationic vector in the mixture (increase in either α or
ρeff), the more efficient the compaction of pDNA, in agreement
with the zeta potential results; moreover, (ii) despite being
positively charged (ρeff > 1), a certain percentage of pDNA is
still uncompacted because, although with much lower
intensities, fluorescence bands are still observable.
The self-aggregation pattern, structure, and size of the gene

vector are known to play an important role on the pDNA
compaction process, and for that reason, structural information
is always very welcome. It is documented that calixarene-based
lipidic vectors form micelles in aqueous media,31,38,45 but there
is not anything reported regarding the self-aggregation pattern
of mixed systems such as that described in this work, in which
the macrocyclic-type vector is mixed with a zwitterionic lipid
(DOPE) widely used as a neutral lipid (at physiological pH
conditions) with a well-known fusogenic character. However, it
is a presumably interesting information because the same study
that reports the micelle-type aggregates for a CxCL similar to
the one presented here38 also concludes that the presence of
DOPE in the mixture improves the transfection outcome of the
cationic vector. For this reason, the sizes of the TMAC4/DOPE
formulations have been determined with the PALS technique at
α = 0.2, 0.5, and 0.7. Figure 3 shows the size distributions
obtained at α = 0.5 as an example. As can be seen in Figure 3,
the TMAC4/DOPE mixtures contain a majority population of

Figure 2. Gel electrophoresis results for TMAC4/DOPE-pDNA
lipoplexes at several CxCL molar fractions of the TMAC4/DOPE lipid
mixture: α = 0.2 (lines 2−4), α = 0.5 (lines 5−7), α = 0.7 (lines 8−
10), and α = 1.0 (lines 11−13) at charge ratios of ρeff = 2 (2, 5, 8, and
11), ρeff = 5 (3, 6, 9, and 12), and ρeff = 20 (4, 7, 8, and 13); line 1
shows the results of pDNA as a control.

Figure 3. Hydrodynamic diameter of TMAC4/DOPE nanoaggregates
at α = 0.5 obtained with the PALS technique.
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self-aggregates with average diameters of ∼100 nm, although
there are two minority populations of self-aggregates with
average sizes of approximately 17 and 6 nm. These sizes are
compatible with mixed spherical liposomes, oblate micelles, and
spherical micelles, respectively, as shown in the 2D drawings
included in Figure 3. Table 1 reports the averaged diameters of

these aggregates at all of the studied compositions. It is
noticeable that both micelle populations disappear at low α,
where DOPE is the predominant component, and they become
more relevant when the CxCL content increases (i.e., α tends
to 1), in agreement with the literature.33

Cryo-TEM experiments were run in this work as well for
TMAC4/DOPE mixtures at α = 0.5. Figure 4 shows three cryo-

TEM micrographs selected among those obtained for this
system. It is remarkable that, when mixed with DOPE, most
micrographs indicate that the calixarene-based cationic lipid
TMAC4 aggregates form essentially in unilamellar and spherical
liposomes (panels a and b) with a diameter of ∼(90 ± 8) nm
averaged over the structures found in all of the micrographs
(not only those shown in Figure 4). This size is in very good
agreement with the PALS results, mostly considering that the
size information given by the PALS technique is based on
hydrodynamic data. However, some micrographs (see panel c
in Figure 4) also show a population of small aggregates with

sizes of ∼20 nm, which are compatible with the presence of
oblate micelles, such as those found by PALS. The right panels
in Figure 4 show 2D drawings of these two types of mixed
nanoaggregates: liposomes and oblate micelles. However, the
spherical micelles found with the PALS technique (average
diameters of ∼6−7 nm) are not detected by cryo-TEM. All of
these sizes are consistent with the extrusion protocol used,47

which is based on a sequential procedure that ends with a final
pass of the mixed liposome solution through a polycarbonate
membrane with pores of 100 nm in diameter.
With the aim of gaining more insight into the structural and

morphological aspects of these nanoaggregates when pDNA is
present, concentrated samples of TMAC4/DOPE-pDNA
lipoplexes were analyzed by means of both SAXS and cryo-
TEM at different effective charge ratios (ρeff) at which
lipoplexes are potentially active as gene therapy vectors (ρeff
> 1) and covering a wide range of CxCL molar fractions of the
lipid mixture (α). Figure 5 shows SAXS diffractograms
(intensity vs q factor) at ρeff = 1.5, 2, and 4 for several CxCL
molar fractions of the TMAC4/DOPE lipid mixture. The

Table 1. Hydrodynamic Diameters of the TMAC4/DOPE
Nanoaggregates Determined at Different CxCL Molar
Fractions of the TMAC4/DOPE Lipid Mixture (α) with the
Zeta PALS Technique along with the Percentages of Each
Nanoaggregate Population

α ϕ1 (nm) % ϕ2 (nm) % ϕ3 (nm) %

0.2 120 100
0.5 6 2 17 6 100 92
0.7 7 5 20−25 32 150−160 63

Figure 4. (left) A selection of cryo-TEM micrographs showing a
general view of the TMAC4/DOPE mixed nanoaggregates at α = 0.5
with (a, b) mixed liposomes and (c) disk-like (oblate) micelles (see
arrows). (right) Schematic 2D drawings of liposome and disk-like
(oblate) micelles.

Figure 5. SAXS diffractograms of TMAC4/DOPE-pDNA lipoplexes at
several charge ratios ρeff = 1.5, 2.0 and 4.0, and for each charge ratio, at
various CxCL molar fractions: α = 0.2, black lines; 0.4, red lines; 0.5,
blue lines; and 0.7, green lines. Arrows indicate the pDNA−pDNA
correlation peak.
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Miller indexes, shown over the Bragg peaks in the diffracto-
grams, indicate that TMAC4/DOPE and pDNA mixtures are
structured in terms of typical multilamellar phases (Lα), where
pDNA supercoils are stacked and compacted within the
aqueous monolayer, which is located between alternating
bilayers constituted by the mixture of the CxCL vector and
DOPE in a sandwich-fashion pattern. This Lα phase is
characterized by two distances: (i) the interlayer distance (d)
related to the q factor of the first peak (d = 2π/q100), which can
be expressed as the sum of the thicknesses of the lipidic bilayer
(dm) and the pDNA aqueous layer (dw), and (ii) the separation
between pDNA supercoils (i.e., pDNA−pDNA correlation) in
this sandwiched aqueous monolayer, dpDNA, which can be
obtained from the qpDNA factor of the Bragg broad peak not
corresponding to the lamellar structure that appears in the
middle of all of the diffractograms (dpDNA = 2π/qpDNA). In fact,
panel a of Figure 6 tries to show more clearly (using a
logarithmic scale) the unambiguous presence of this pDNA
Bragg peak as well as those belonging to the Lα phase with very
low intensities. Panel b of Figure 6 shows a 2D-drawing of this
phase with these characteristic structural parameters shown.
Both d and dpDNA distances have been calculated and plotted
versus α in panel c of Figure 6 for all of the ρeff studied. As can
be noted, d decreases from 7 to 5.5 nm, as long as the
percentage of the calixarene-based lipidic vector increases in the
bilayer, mostly because a higher positive surface density charge
may provoke an enhanced level of pDNA compaction, which in
turn yields a decrease in dw. Another factor could be that the
hydrophobic region of TMAC4 is shorter than that of DOPE;
accordingly, as long as α increases, the thickness of TMAC4/
DOPE bilayer may experience a slight decrease. Likewise, the
higher the cationic density charge of the bilayer surface (i.e., α
increases), the shorter the distance between pDNA supercoils
in the aqueous monolayer (dpDNA decreases); in fact, as shown
in the Figure 6, dpDNA decreases from 4.5 to ∼4 nm, revealing a
clear enhancement of the pDNA compaction level as long as
the content of TMAC4 in the bilayer increases. These results
are consistent with those previously reported for other CL/
DOPE systems.23,41,44

Cryo-TEM experiments were also run on positively charged
TMAC4/DOPE-pDNA lipoplexes for α = 0.2 and 0.5. Figure 7
shows a selection of micrographs among those taken. As can be
observed, two different compaction patterns can be distin-
guished: (i) clusters of nanostructures with a well-defined
multilamellar profile (see panels a and b), and (ii) regions with
a continuum arrangement of multilamellae following a typical

fingerprint pattern (panels e and f). Both scenarios have been
found previously for other lipoplexes that we have stud-
ied.23,41,44 The first, characterized by a series of cationic lipidic
bilayers with pDNA sandwiched between them in what has
been called clusterlike lipoplexes (CT-type nanoaggregates), is
usually found in the DOPE-rich region (low values of α). It
seems that when the content of DOPE is high, the lipoplexes

Figure 6. (a) SAXS diffractograms for TMAC4/DOPE-pDNA lipoplexes at α = 0.2 and ρeff = 1.5 in logarithmic scale; (b) schematic drawings of 2D
views of a lamellar Lα phase, showing the characteristic distances; (c) plots of periodic distance of the lamellar structure (d) and the pDNA−pDNA
correlation (dpDNA) for TMAC4/DOPE-pDNA lipoplexes versus CxCL molar fraction (α) at several charge ratios (ρeff). Square, ρeff = 1.5; circle, ρeff
= 2.0; and triangle, ρeff = 4.

Figure 7. A selection of cryo-TEM micrograph showing a general view
of the TMAC4/DOPE-pDNA lipoplex nanoaggregates at CxCL molar
fractions of α = 0.2 (a−d) y α = 0.5 (e, f). White arrows point to FP
domains coexisting with CT-type structures.
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tend to aggregate, leading to the formation of clusterlike
nanostructures, where the lipidic bilayers, although deformed
when sandwiching pDNA supercoils with the adjacent bilayers,
essentially retain their morphologies. In fact, we can observe
how the bilayers thicken and twist or even loop without
disruption. The second scenario, usually found when DOPE
content decreases, is characterized by a clear fingerprint
compaction pattern, and for that reason, this kind of
nanostructure has been called FP-type nanoaggregates. In
contrast to the CT-type lipoplexes, liposomes tend to disrupt in
FP-type, probably because liposome−pDNA interactions are
clearly favored in this case. This fingerprint pattern, associated
with multilamellar nanoaggregation, is also documented in the
literature for lipoplexes of linear DNA and monovalent
CLs.55−59 Analyzing Figure 7, one can conclude that CT-type
nanoaggregates are clearly found at α = 0.2 (panels a and b),
whereas FP-type lipoplexes are essentially seen at α = 0.5
(panels e and f). However, coexisting with CT-type patterns at
α = 0.2, one can observe regions of certain populations of FP-
type lipoplexes (see arrows in panels c and d). This coexistence
of phases, previously found for lipoplexes formed by gemini
cationic lipids as well and potentially responsible for a
synergistic effect on transfection,41,42,44 would be consistent
with the form adopted by the diffractograms found at α = 0.2
characterized by broad peaks of low intensity that are probably
convoluted by more than one component. In any case, the
average values obtained for the interlamellar distance of CT and
FP-type multilamellar nanoaggregates indicate that, although
the FP-type pattern shows much more lamellae than CT-type
nanoaggregates, there is no appreciable difference on pDNA
compaction among both multilamellar patterns.
It is noticeable that the inverse hexagonal phase HII

C,
characterized by inverse cylindrical micelles with the plasmid

molecules allocated inside the cylinders and previously found in
other CL/DOPE-pDNA lipoplexes at low α values,44,60 has not
been found in the present system. The reason may be that the
Israelachvili packing parameter of TMAC4, clearly below 0.33
and thus typical of a lipid with a natural tendency to form
micelles, is somehow “compensated” by the packing parameter
of DOPE, which is clearly above 1 and thus typical of lipids that
aggregate in the form of inverse phases (see Scheme 1).
Consequently, the mixture TMAC4/DOPE tends to self-
organize in the form of lamellar phases, as seen both in SAXS
and cryo-TEM results, with a curvature that would depend on
the content of DOPE in the mixture.
Undoubtedly, the interaction between pDNA and the lipidic

membranes is another key factor in the transfection process.
AFM is known to be one of the techniques of choice to
visualize this interaction. Accordingly, AFM experiments have
been run for TMAC4/DOPE samples in the absence and
presence of pDNA at two concentrations and two incubation
times (see Figure 8). Table 2 lists the values for the height, Ra,
and covering percentage statistics from the AFM images in
Figure 8. Panels A and B in Figures 8 show the AFM image of
the SLB of a TMAC4/DOPE sample at α = 0.2 and the step

Figure 8. AFM images of TMAC4/DOPE (α = 0.2) in the absence (A, B) and presence (C−F) of pDNA. (A) Supported lipid bilayer control image,
(B) height profile along white line in panel (A), (C and D) SLB after the injection of pDNA to a final concentration of 0.05 mg/mL (ρeff = 4), (E
and F) SLB after the injection of pDNA to a final concentration of 0.5 mg/mL (ρeff = 0.4). Black arrows point to small pDNA aggregates.

Table 2. Height, Roughness (Ra) and Covering Percentage
Statistics from AFM Images in Figure 8

[DNA]
(mg mL−1) ρeff

incubation time
(min)

height
(nm)

Ra
(nm)

coverage
(%)

0 0 1.5 ± 0.2 0.07 84
0.05 4 0 2.0 ± 0.4 0.18 88
0.05 4 60 2.2 ± 0.4 0.13 87
0.5 0.4 0 2.8 ± 0.4 0.12 94
0.5 0.4 60 2.9 ± 0.3 0.11 93

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b03231
ACS Appl. Mater. Interfaces 2015, 7, 14404−14414

14410

http://dx.doi.org/10.1021/acsami.5b03231


height profile along the white line, respectively. It is clearly seen
that this SLB is a uniform flat surface with a roughness (Ra)
mean value of 0.07 nm and high % coverage (∼84%).
Remarkably, the step height from the mica surface to the top
of the SLB is (1.5 ± 0.2) nm, which is small for a lipid bilayer
(less than the typical thickness of a half-bilayer), but already
reported for DOPE-containing lipid bilayers.61 Several reasons
could account for this value: (i) DOPE is a phospholipid with a
melting temperature of −16 °C, being in a fluid phase at room
temperature and even moreso at 37 °C. This fact makes the
SLB studied, which consists of 80% DOPE, notably fluid; the
lipids have been tilted in the transduced layer, resulting in a
decrease in the expected step height of the lipid layer. (ii) The
mica surface (dark regions in Figure 8A) may be partially
covered with lipids that are not arranged in a bilayer form, as
can be observed from Figure 8B, where it is shown that the
mica surface is not flat, which could disturb correct height
measurements. Or, (iii) the AFM probe, upon contact with this
SLB, could press and even deform the surface of the fluid
TMAC4/DOPE bilayer, as has also been found for other SLBs
formed from mixtures of DOPE and other lipids.61

Figure 8C shows the AFM image of the SLB surface of
TMAC4/DOPE after the injection of pDNA to a final
concentration of 0.05 mg/mL (ρeff = 4); as can be seen,
many small aggregates (black arrows) appear on the SLB
surface. The addition of the pDNA slightly increases both the
Ra value, the covering of the lipid layer, and the SLB height (see
Table 2), suggesting the adsorption of small particles, probably
small pDNA aggregates. However, after 1 h of incubation
(Figure 8D), those aggregates have decreased in number, either
because they have been moved away during the scanning or
because they disaggregate and extend onto the flat SLB surface.
Furthermore, after this incubation time, the SLB becomes
flatter (Ra value of 0.13 nm), and in some SLBs, extends to
become slightly taller (step height ∼2.2 nm), although the
covering remains essentially unaffected. In any case, no
individual extended pDNA molecules are observed under the
experimental conditions.
To verify if the SLB modifications are induced by the pDNA

molecules, we increased the pDNA concentration in the
sample. Figure 8E shows an AFM image after the injection of
pDNA to reach a concentration of 0.5 mg/mL (ρeff = 0.4); an
increase in the SLB step height to 2.8 nm is observed with the
Ra value being almost unchanged, increasing the coverage of the
mica surface. A possible explanation for the increase in the step
height together with a more covered surface is that individual
pDNA molecules are being adsorbed in the SLB although they
are not observed. Interestingly, after 1 h of incubation (Figure
8F), the small patches inside the different holes in the SLB fuse

to form new, large structures with similar height and Ra values
as the SLB. This fact is evidenced by the mobilization and
rearrangement of lipids when pDNA is present in the system.
In other words, pDNA molecules seem to facilitate the lipid
reorganization even when lipids are adsorbed onto a solid
surface, such as the mica surface. If this behavior is extrapolated
to the TMAC4/DOPE lamellar phases observed in solution at
α = 0.2, it can be concluded that the presence of pDNA turns
the lipid bilayer into a more deformable one, thus enhancing
their capability to penetrate the cells more easily.
The electrochemical and structural discussion included above

must be completed with a biochemical evaluation of both the
capacity of the polycationic macrocyclic vector to transfect
pDNA into cells and its cytotoxicity. An optimum gene vector
is one that presents the highest level of transfection efficiency
conjugated with the lowest level of cytotoxicity (i.e., highest
level of cell viabilility). Accordingly, transfection efficiencies
(TE) of the lipoplexes studied herein were evaluated in
HEK293T cells in the presence of serum using fluorescence
microscopy experiments. The transfection studies were carried
out at different CxCL molar fractions of the TMAC4/DOPE
lipid mixture (α) each at different values of ρeff. Figure 9 shows
the best TE results obtained (i.e., the fluorescence micrographs
of HEK293T cells for the optimum formulations (α = 0.20, ρeff
= 20 and 40) and Lipofectamine2000* as a positive control) in
the presence of serum (+FBS). No significant levels of GFP
expression were found at other liposome and lipoplex
compositions. The observation of green images in the
micrographs is indicative that efficient pDNA transfection to
the nucleus of cells has occurred, thus promoting the expression
of GFP. Accordingly, the fluorescence micrographs of Figure 9
reveal that TMAC4/DOPE formulations seem to be able to
compact, protect, and transfect the green fluorescent protein
encoding plasmid DNA pEGFP-C3 (pDNA) in HEK293T cells
in the presence of serum with comparable efficiencies at the
two ρeff values reported (20 and 40), although slightly better
results can be inferred at ρeff = 20. Furthermore, comparing
GFP expression levels of panels a and b with that shown in c
(positive control), one can also conclude that any of the
TMAC4/DOPE formulations seem to yield slightly better TE
outcomes than the control Lipofectamine2000* (panel c),
which is a commercial lipidic formulation consisting of a
mixture of CLs (cationic lipids). These results are consistent
with those reported in the literature by Rodik et al. for a similar
system38 at ρnom = 2.5 and 5. Notice that the electrochemical
study reported herein has evidence that the effective negative
charge of the pDNA used is −0.25/bp instead of the nominal
charge of −2/bp normally found in the literature. This means
that our values for ρeff = 20 and 40 are equivalent to those for

Figure 9. Representative images of fluorescence microscopy showing GFP expression in HEK293T cells transfected in the presence of serum
(+FBS) with TMAC4/DOPE-pDNA lipoplexes at α = 0.2 for (a) ρeff = 20, (b) ρeff = 40, and (c) control Lipo2000*.
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ρnom = 2.5 and 5.38 It is also remarkable that the best TE levels
have been found at a low molar fraction (α = 0.20), where
DOPE is the main component of the lipidic vector, and
furthermore, where coexistence of two multilamellar phases
(CT- and FP-type) has been observed. This evidence, the key
roles of both DOPE and the coexistence of phases, has also
previously been found for lipoplexes constituted by mixtures of
different gemini cationic lipids (GCLs) and DOPE.23,41,42,44

Additionally, it has also been interesting to find in this work
from AFM experiments that, also at a low CxCL molar fraction,
pDNA seems to favor a more deformable lipidic membrane,
thus clearly promoting cell penetration and, in turn, enhancing
the transfection efficiency (TE).
Finally, the cytotoxicity of the TMAC4/DOPE-pDNA

lipoplexes studied herein was evaluated by means of MTT
assays, which provide data on the percentage of cells that
remain viable to grow and divide 48 h post transfection. MTT
assays were performed on HEK293T at α = 0.20 and ρeff = 10,
20, 40, and 80 (see Figure 10) with Lipofectamine2000* being

used as a positive control. As seen in Figure 10, the viability of
the HEK293T transfected cells in the presence of TMAC4/
DOPE-pDNA lipoplexes is comparable in general terms to that
measured in the presence of control Lipofectamine2000*. In
fact, the best results have been found at α = 0.20 and ρeff = 10
and/or 20 with a percent cell viability of ∼70% as the viability
clearly decreases for higher values of ρeff. Combining this
evidence with the fact that the best TE levels have been reached
for ρeff = 20 and/or 40, one can conclude that a CxCL molar
fraction of α = 0.20 and a charge ratio of ρeff = 20 for TMAC4/
DOPE-pDNA lipoplexes, characterized by fluid membranes and
the coexistence of two Lα phases with both CT and FP
multilamellar patterns, are the parameters of choice in this
system for a moderately efficient transfection process. None-
theless, it must be noted that the transfection efficiencies of
TMAC4/DOPE-pDNA lipoplexes are lower than those of
some other GCL (gemini cationic lipid) formulations that we
have previously reported,23,41,42 and in any case, comparable to
or only slightly higher than that of universal control
Lipofectamine2000*. However, the fact that some transfection
capacity has been observed, as well as the promising cell
viabilities measured for TMAC4/DOPE-pDNA lipoplexes,
provide a pathway for improving this new kind of nonviral
gene vector involving macrocyclic polycationic lipid-based
molecules.

■ CONCLUSIONS

The biophysical and biochemical characterization of TMAC4/
DOPE-pDNA lipoplexes confirms that the calixarene-based
polycationic lipidic vector TMAC4 is able to compact and
transfect the pEGFP-C3 plasmid in a safe way. The zeta
potential study of TMAC4/DOPE-ctDNA shows that TMAC4
has 100% of its nominal charge available (qCxCL

+ = +4), and
pDNA presents an effective negative charge that is only 10% of
its nominal one, all this data being confirmed by gel
electrophoresis experiments. PALS studies indicate the
presence of three populations of nanoaggregates in TMAC4/
DOPE lipid mixtures without pDNA with sizes of approx-
imately 100, 17, and 6 nm compatible with liposomes, oblate
micelles, and spherical micelles, respectively. The presence of
liposomes and oblate micelles was confirmed by cryo-TEM
studies, as well. However, TMAC4/DOPE-pDNA lipoplexes
are organized in multilamellar Lα nanostructures at all CxCL
molar fractions as confirmed by SAXS experiments. Moreover,
cryo-TEM micrographs show two types of multilamellar
aggregation patterns: cluster-type (CT) at low and moderate
CxCL molar fractions (α = 0.2 and 0.5) and fingerprint-type
(FP) present only at low CxCL molar fractions (α = 0.2). AFM
results for TMAC4/DOPE-pDNA samples at α = 0.2 also
evidence that the presence of pDNA makes the lipid bilayer
more deformable, thus enhancing the capability to penetrate
cells. Finally, the best transfection performances of these
TMAC4/DOPE-pDNA lipoplexes, with regard to TE and
cellular viability levels, have been seen at low CxCL molar
fractions (α = 0.2) and a moderate-to-high effective charge ratio
ρeff = 20. The coexistence of two lamellar phases has once again
been suggested as a synergistic factor that enhances TE
performance at low α composition.
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