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The search of new genetic vectors that improve the efficacy of gene delivery into diseased cells has led to the creation of several
vector formulations that promote effectiveness in applications. However, DNA affinity to vectors as well as vector/DNA
complex stability remains a problem to be solved. Here, we study lipoplexes made of DODAB-DOPC cationic liposomes (CL)
and calf thymus DNA (ctDNA) as a preliminary cargo gene model of a novel vector formulation to improve DNA delivery
efficacy and affinity. Physicochemical characterization was carried out by Z-potential (ζ), light scattering, ultraviolet,
fluorescence spectra, confocal, and electronic microscopy to prove CL and ctDNA complexation and high affinity. Through
this approach, ζ and light scattering results indicate an effective CL and ctDNA complexation; CL charge decreases as ctDNA
concentration increases. Obtained spectra from UV and fluorescence show high affinity between CL and ctDNA. This can be
also verified by confocal microscopy images and electronic microscopy micrographs. All experiments show effective binding
between CL and ctDNA, and fluorescence experiments show EtBr displacing as CL concentration increments. CL cytotoxicity
assays show high viability when ctDNA is complexed; these results are comparable with those obtained using Lipofectamine
2000. Easy complexation and low cytotoxicity make them a promising formulation for gene delivery. The obtained results from
this work motivate us to keep searching for new genetic vector formulations, which could reduce its cytotoxic effect and
improve its transfection efficiency, in addition to the low cost of production compared with some commercial products.

1. Introduction

Genetic material transfection is a technique that can be used
to promote gene overexpression and silencing. In the gene
therapy field, viruses are widely used as genetic material car-
riers because of their high internalization capability into
cells; despite of this, viruses also present high cytotoxicity
in both in vivo and ex vivo. In the last few decades, liposomes
have gained importance due to their promising properties as
drug delivery systems [1–4] and gene therapy for both gene

expression and gene silencing [5–7]. Since the late 80’s, sev-
eral liposome formulations have been developed using com-
binations of ionic lipids and colipids with organic molecules
and chemical compounds to improve liposome stability and
internalization into the cell [8].

CL has been of great importance to carry DNA [6, 9–11],
pDNA [11], and siRNA [12–15] into cells because of the
easy interaction between them to form complexes, called
lipoplexes, and this is the result of the electrostatic interac-
tion between positively charged liposome and negatively
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charged DNA. CL also exhibits less cytotoxicity than viral
vectors [16] traditionally used, although this toxicity
remains high to use them in clinic applications. Different
formulations show a low toxic effect of CL on human cells,
changing parameters such as lipid molar ratio or mixing
them with organic molecules or other chemical compounds
[17–19].

It is well known that liposomes with big sizes and high
positive ζ have a negative influence on cell viability both
in vitro and ex vivo [17]; however, liposomes with sizes
around 100 nm and low positive ζ are desirables [20]. In fact,
by ζ, it can be observed that lipoplex surface charge can
change as ctDNA concentration changes, an important char-
acteristic that helps lipoplexes to interact with cells [21–23].

In the first stage of our work, spherical DODAB-DOPC
50 : 50 (mw :mw) liposomes were made, and their physico-
chemical and morphological properties such as size, ζ,
absorbance, and fluorescence and then cytotoxic effects of
liposomes and their complexes were analyzed. ζ and size
were previously studied in interaction with Na2B12H11SH
by Awad et al. [24], and no information of morphological
properties or cytotoxicity effects were reported.

Liposome and lipoplex cytotoxicity was evaluated by
MTT assay on HUVEC, MDA-MB-231, and HeLa CCL-2
cell lines, where low toxicity is observed in all systems com-
parable to the results obtained by using a worldwide com-
mercial liposomal formulation reference Lipofectamine
2000®. In this work, a promising CL formulation was char-
acterized and tested.

2. Experimental Section

2.1. Materials. For liposome formulation, cationic dimethyl-
dioctadecylammonium bromide (DODAB) and zwitterionic
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) phos-
pholipids were used (Sigma-Aldrich). For confocal microscopy
studies, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (NBD-
PE)-labeled phospholipids and 4′,6-diamidino-2-phenylindole
dihydrochloride (DAPI) (Avanti Polar, USA) to dye DNA
were employed. ctDNA (Sigma-Aldrich) as a cargo model
was used without further purification. Phospholipids were dis-
solved in 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid
and sodium salt (HEPES) buffer (Sigma-Aldrich) at a concen-
tration of 4mM and pH = 7:4. Ethidium bromide (EtBr) was
used for fluorescence studies at 2.53μM.

2.2. Methods. Liposome solutions were prepared by mixing
DODAB and DOPC at 50 : 50 molar ratio, and in some
cases, 1% mol of NBD-DOPE was used in HEPES buffer
(with ultrapure water (18mS cm-1, Millipore)). Preparation
includes rotary evaporation and filtration by an extrusion
method [25], using a polycarbonate membrane with nomi-
nal pores of 100nm and above phospholipid transition tem-
perature conditions. A ctDNA stock solution was prepared
according to the manufacturer’s protocol, without agitation,
and stored at 4°C for one day before being used. Lipoplexes
were made using a fixed liposome concentration (0.30mM)
by increasing ctDNA concentration [ctDNA] and under soft

magnetic agitation to ensure ctDNA homogenization. For
UV-Vis and fluorescence experiments, lipoplexes were pre-
pared using a fixed [ctDNA] of 18.87μg/mL and 1.83μg/mL,
respectively, increasing [CL] by adding aliquots of a stock
solution of CL.

2.3. Dynamic Light Scattering. Liposome and lipoplex sizes
were measured by dynamic light scattering (DLS) using
Zetasizer Nano ZS (Malvern Instruments, UK) with a reso-
lution of 0.5 nm and sensitivity of 0.1 ppm to 40% w/v.
The instrument determines the size by first measuring the
particles of Brownian motion in the samples using DLS
and interpreting a size from this using of the established
theory. The relationship between particle size and its speed
due to Brownian motion is defined in the Stokes-Einstein
equation.

D = KBT
6πηR , ð1Þ

where D is the diffusion coefficient, KB is the Boltz-
mann constant, T is the temperature of sample, η is the
viscosity, and R is the hydrodynamic ratio, which repre-
sents the particle size in nm. Each sample was measured
at room temperature (25°C) in triplicate to verify
reproducibility.

2.4. Zeta Potential. ζ of liposome and lipoplex solutions were
measured by using a Zetasizer Nano ZS (Malvern Instru-
ments, UK). The instrument calculates the ζ by determining
the electrophoretic mobility (μe) using Henry’s equation
[26].

μe =
2εζf kað Þ

3η , ð2Þ

where ε, η, and f ðkaÞ denote the media dielectric con-
stant, media viscosity, and Henry’s function, respectively.
Two values are generally used as approximations for f ðkaÞ
determination, either 1.5 or 1.0. Electrophoretic determina-
tion of ζ is commonly made in aqueous solvent and moder-
ate electrolyte concentration. f ðkaÞ, in this case, takes the
value 1.5 and is referred to as the classical Smoluchowski
approximation [26].

α = ε
ζ

η
: ð3Þ

Samples were placed into a U-shaped folded capillary
cell for ζ measurements. Each sample was measured at room
temperature (25°C) in triplicate to verify reproducibility.

2.5. UV-Vis Spectroscopy. An Agilent 8435 (Agilent Technol-
ogies) diode array spectrophotometer was used to obtain the
UV-Vis spectrum in a measurement range of 200-900 nm. A
liposome sample solution concentration range was 1:0 ×
10−5 − 1:1 × 10−4 M, while for lipoplex concentrations, a
fixed concentration of ctDNA was used (18.87μg/mL) for
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liposome concentration in a range of 5:96 × 10−6 − 1:1 ×
10−4 M.

According to the liposome and lipoplex UV-Vis spectra,
a calibration curve was made and fitted with a linear approx-
imation using the Beer-Lambert law.

A = εCl, ð4Þ

where ε is the molar extinction coefficient, C is the solution
concentration, and l is the optical path length (cell dimen-
sion in cm). For the samples, rectangular and transparent
quartz cells were used, and the cuvettes were thermostated
at 25°C through circulating water. All experiments were per-
formed at least in triplicate to verify reproducibility.

2.6. Ethidium Bromide Displacement Assay. Fluorescence
experiments were carried out as described elsewhere [27],
on a PerkinElmer LS50B spectrofluorophotometer, at 25°C.
Briefly, the interaction effect between liposomes and
ctDNA-EtBr complex was studied by adding a certain
amount of liposome stock solution into the solution of the
ctDNA-EtBr complex (½ctDNA� = 1:83μg/mL and ½EtBr� =
2:53 μM). This technique is frequently employed as a com-
plementary diagnostic tool for the identification of ctDNA
binding to small liposomes and molecules [28, 29].

EtBr-bound ctDNA fluorescence spectrum was obtained
using a 510 nm excitation wavelength. Liposome influence
on ctDNA-EtBr complex was evaluated by monitoring the
fluorescence emission spectrum changes, which also pro-
vided the quenching constant of the ctDNA lipoplex Ksv
by employing Stern-Volmer’s equation [26–30]:

I0
I
= Ksv Q½ � + 1, ð5Þ

where I0 and I are the emission intensities in the absence
and in the presence of the quencher, Ksv is the quenching
constant, and ½Q� is the quencher (liposomes) concentration.
Ksv is the slope obtained from I0/I vs. Q plot.

2.7. Confocal Microscopy. Liposome and lipoplex micro-
graph analyses were carried out by a confocal laser scanning
microscopy (CLSM) in an LSM800 device (Carl Zeiss, Jena,
Germany), mounted on an inverted microscope Axio
Observer Z1 (Carl Zeiss, Jena, Germany), and a Plan-Apoc-
hromatic 100x/1.40 oil objective was used. Two lasers of 405
and 488 nm, with respective maximum powers of 5 and
10mW, were used for the study. Fluorescence was collected
using highly sensitive GaAsP detectors. DAPI to label
ctDNA and NBD-DOPE-labeled lipids were used as dyes,
with 340/488 nm and 463/536 nm excitation/emission wave-
lengths, respectively. Fluorescence was detected in the range
of 410-462 nm for DAPI and 490-565nm for NBD, with
2.5% and 0.2% of maximum power laser excitation, respec-
tively. Confocal dye images were collected on separated
tracks using a time image integration of 74 s for each track.
Both track images were integrated in a merged image.
NDB was used at 1% of total phospholipid concentration.

2.8. Electron Microscopy. Liposome and lipoplex micrograph
analyses were also carried out by a scanning electron micros-
copy (SEM), equipped with a field emission Jeol JSM-7800F.
A negative staining method was used to visualize the sample
size and shape using phosphotungstic acid (PTA) as a dyeing
agent at 2%. 10μL of sample was deposited on copper grids
covered with a formvar-carbon film (Electron Microscopy
Sciences, 300 Mesh), then 10μL of PTA was added for
20 s, and the excess was removed. The grids were left to
dry for 24h at room temperature, and they were only cov-
ered to protect them from dust. All samples were measured
at 5.0 kV in secondary electron (SE) mode.

2.9. Cell Viability Assays. To evaluate CL and lipoplex cyto-
toxicity (CL/ctDNA), viability was evaluated on cervical can-
cer (HeLa, CCL-2), human umbilical vein endothelial
(HUVEC), and human breast cancer (MDA-MB-231) cell
lines. HeLa CCL-2 cells were grown in Roswell Park Memo-
rial Institute (RPMI-1640, Sigma-Aldrich), while HUVEC
and MDA-MB-231 on Dulbecco’s modified Eagle’s medium
(DMEM, Sigma-Aldrich). Both mediums were supple-
mented with 10% of fetal bovine serum (FBS), and cells were
grown at 37°C and 5% of CO2. For 3-(4,5-dimethylthiazolyl-
2)-2,5-diphenyltetrazolium bromide (MTT) assays, all cell
lines were adjusted to 5 × 104 cells/well in 96-well plates,
and once the cells were attached, the treatments were added
and incubated for 24h. MTT assays were performed under
the manufacturer’s specifications (Sigma-Aldrich). Non-
treated cells were set as controls. All viability assays were
performed in triplicate. Also, cell viability assays were car-
ried out using Lipofectamine 2000 and were used as it is usu-
ally referenced [31, 32].

Additionally, flow cytometry assays were performed
employing calcein-AM (EMD Merck Millipore, USA) to
the established cell viability. All cell lines were adjusted to
2:5 × 105/well in 12-well plates, and once cells were attached,
the cells were serum-starved for 24h and then treated and
incubated with CL/ctDNA for 24h. Positive viability control
of cells without any treatment, CL alone, and the vehicle was
performed. As a negative viability control, cells were 70°C
treated for 20min. After incubation, cells were harvested
and resuspended in PBS. For calcein-AM staining, 2μL of
50μM calcein-AM solution was added and then incubated
in the dark for 15min. Cell viability was analyzed by flow
cytometry. All treatments were done in triplicate to verify
reproducibility, 10,000 events were acquired on a BD FACS-
Verse (Becton Dickinson) using BD FACSuite program (BD
Biosciences), and one-way ANOVA determined statistical
differences with Bonferroni’s post hoc test. The obtained
data were percentages of positive cells for calcein-AM stain-
ing in the FITC-A channel.

2.10. Statistical Analysis. One-way ANOVA with Tukey
posttest analysis was used to determine the statistical signif-
icance (p < 0:05) of viability, using OriginPro 9.1 software, in
the comparison between our liposomes and Lipofectamine
2000. Data are represented as the mean ± standard
deviation (SD).
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3. Results and Discussion

It is well known that mammalian cells possess a negatively
charged plasmatic membrane, mainly due to the phospho-
lipid negative natural charge [33]. It is also known that
membrane neutral phospholipids help with stabilization,
and otherwise, lacking this type of phospholipids can cause
a disorder, e.g., atherosclerosis [34]. In this sense, phospho-
lipid nature plays an essential role on liposome physico-
chemical behavior. CL has a great attention in studies
focused on the search for new nonviral vehicles, whose phys-
icochemical characteristics, such as size, charge, and interac-
tion with other molecules, continue to be of great
importance, as well as the cell transfection process.

3.1. Zeta Potential and Size. ζ is a parameter of great impor-
tance in lipoplex formation. Interactions between CL and
ctDNA are described in terms of ζ, size, and conductivity
changes. Figure 1 shows ζ changes in lipoplex formation as
a function of [ctDNA] and for a fixed [CL] (0.30mM). As
can be seen, before adding ctDNA, CL ζ is 71 ± 2mV and
ζ decreases as ctDNA concentration increases, showing
three ζ regions: (i) positive region, where the net charge is
governed by CL, i.e., CL/ctDNA charge ratio is >1, because
CL is the solution major component; (ii) neutral region (iso-
electric point), where charge ratio = 1 (number of lipid
charges and number of DNA-free phosphates are “equals”),
resulting in a lipoplex aggregation; and (iii) negative region,
where CL/ctDNA charge ratio is <1, and negative charge of
ctDNA reigns due to the number of free ctDNA phosphates
in a solution that overcomes the CL positively charged

groups. These ζ regions’ behavior is also described by
Rodríguez-Pulido et al. [35], to a fixed [ctDNA] and variable
[CL], indicating the binding between CL and ctDNA with
lipoplex formation. Figure 1 also shows lipoplex size as
[ctDNA] increases. According to the ζ regions, at the lowest
[ctDNA], the size of the formed lipoplexes matched with
the size of uncomplexed CL (170 ± 4 nm). As [ctDNA]
increases, lipoplex size increases in agreement with ζ that it
is in the isoelectric point region, where lipoplexes reduce
electrostatic repulsion resulting in aggregate formation.
When the ctDNA charge dominates, the electrostatic repul-
sion force plays again an important role in lipoplex interac-
tions and lipoplex size, at the beginning of their formation,
at the lower [ctDNA].

According to fabricant’s recommendations for Lipofec-
tamine 2000® concentrations for transfection or cytotoxicity
assays, Lipofectamine 2000® shows sizes of 98 ± 3 nm and a
ζ = 13:7 ± 3:5mV, fixing [Lipofectamine 2000]; three differ-
ent concentrations of ctDNA were tested, starting from fab-
ricant’s recommended DNA concentration of 0.2μg/well
and then 0.5μg/well and 1μg/well. For ½ctDNA� = 0:2 μg/
well, lipoplexes show aggregates of 3974 ± 204 nm and ζ =
0:42 ± 1:3mV, i.e., isoelectric point for Lipofectamine
2000® sizes of 189 ± 1 nm and ζ = −28:3 ± 1:4mV for the
highest ctDNA concentration.

Conductivity data also were taken from ζ measurements
in lipoplex formation analysis. The inset plot in Figure 1
shows the solution conductivity as [ctDNA] increases. The
graph also presents an abrupt change in the behavior for
the same [ctDNA], in which the isoelectric point is reached
in the ζ measurements. Rodríguez-Pulido et al. [35] justify

80
7

6

5

4

3

2

1

0
0 10 20 30 40 50 60 70 80 90 100 110 120

60

40

20

0

–20

–40

–60

0 20 40 60

[ctDNA] (μg/mL)

[ctDNA] (μg/mL)ζ (
m

V
)

σ 
(m

S/
cm

)

Si
ze

 (n
m

)

80 100 120

4000

3500

3000

2500

2000

1500

1000

500

0

Figure 1: ζ (full square) and size (full circle) of lipoplexes as a function of [ctDNA]. Dashed and dotted lines represent the values of ζ
(71 ± 1:55mV) and size (170:2 ± 3:75 nm) of a fixed ½CL alone� = 0:30mM, respectively. Inset graph corresponds to σ of samples as
[ctDNA] increases.

4 Journal of Nanomaterials



this conductivity increase because of lipoplex formation,
which induces a counterion release, i.e., Na+ from ctDNA
and Br- from CL.

3.2. UV-Vis Spectra. CL-ctDNA lipoplexes in HEPES buffer
(pH 7.4) were studied by titration experiments and moni-
tored by UV-Vis spectroscopy. Previously, ctDNA stability
was verified for 7 h at 25°C in HEPES buffer at pH = 7:4
(Figure S1 of the Supplementary Materials). Regarding these
experiments, it was found that upon liposomes, addition to a
ctDNA (18.87μg/mL) solution, induced significant changes
in absorbance, with a maximum increase and with
absorption baseline elevation (see Figure 2(a)). This effect

may be attributed undoubtedly to ctDNA lipoplex formation
because ctDNA and liposome solutions separately do not
behave with baseline elevation (see Figure 2(b)). In this
respect, the association of CL with ctDNA via electrostatic
interactions can be expected to produce a hydrophobic
lipoplex [36, 37].

3.3. Ethidium Bromide Displacement Assay. ctDNA affinity
to CL was evaluated through EtBr displacement assay by
fluorescence spectroscopy. All experiments gave significant
changes in the fluorescence emission, which allowed their
reproduction with accuracy, and therefore, this technique
is appropriate for studying the lipoplex in solution. Typical
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changes in the emission spectra of EtBr bound to ctDNA
(½EtBr� = 2:53 μM and ½ctDNA� = 1:83 μg/mL) upon titration
with the liposome are shown in Figure 3(a). By simple
inspection of the graph in this figure, it is evident that lipo-
some addition causes an appreciable reduction in ctDNA-
EtBr complex fluorescence intensity, corresponding to
80.25% of ctDNA-EtBr complex intensity. Quenching data
analysis by the Stern-Volmer equation (defined above) gave
a K sv value of 5:9 × 105 M−1 ± 0:1 × 105 (Figure 3(b)). This
gives evidence that liposomes can effectively replace EtBr
from ctDNA-EtBr complex due to the formation of a more
stable ctDNA lipoplex. Ksv value implies a very good affinity
of ctDNA towards CL and it could also help to determine
the optimal concentration of CL necessary for in vitro trans-
fection [38, 39].

3.4. Confocal Microscopy. ctDNA (35.30μg/mL) interaction
with CL (0.33mM) was analyzed by CLSM. Labeled phos-
pholipid NBD-DOPE (1 : 100 molar ratio) was used to fabri-
cate fluorescent liposomes and DAPI-labeled ctDNA.
According to the microscope resolution, bigger liposome
sizes were used than those used in the previous techniques,

assuming that the complexation process is independent of
the liposome size. Figure 4 shows images that correspond
to NBD-labeled liposomes (green) (Figure 4(a)), ctDNA
labeled with DAPI (red) (Figure 4(b)), and the merged
images corresponding to both NBD and DAPI emissions
(Figure 4(c)). In the images, it is observed that in the regions
where the NBD emits, there is also a DAPI emission, prov-
ing that ctDNA is indeed linked to the liposome surface.
Each emission was taken in separated channels to avoid
self-excitation due to multiple dyes. Micrographs clearly
show regions where NBD and DAPI emissions match,
proving that ctDNA is indeed complexed to CL surface.
ctDNA is not homogeneously distributed in all liposomes
despite following the protocol; a similar behavior was
reported by Gordon et al. [40]. Cationic LUVs/ctDNA com-
plexes were previously separated by centrifugation, following
Güven et al.’s protocol [41].

3.5. Electron Microscopy. Due to CLSM resolution and the
CL size, when ctDNA was complexed on the liposome
surface, apparently it does not modify lipoplex size. While
in DLS size measurements, lipoplex size increased as

(a) (b) (c)

Figure 4: NBD fluorescence (a) and DAPI fluorescence (b) captured by confocal in double-labeled lipoplex samples. (c) Merged
micrographs of NBD and DAPI fluorescence micrographs. For DAPI emission, a false red color was used to improve the contrast in the
merged micrograph.

(a) (b)

(c) (d)

Figure 5: Scanning electron microscopy micrographs (SE mode) of an individual liposome (a) and liposome group at low magnification (b).
An individual lipoplex micrograph is shown in (c) and (d) corresponds to lipoplex group. ctDNA concentration of lipoplex samples was
35.30μg/mL.
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[ctDNA] increased. To compare the increase in the size of
lipoplex, SEM was used, since this technique allows to clearly
observe liposomes with sizes around 100nm. Filtered lipo-
somes (0.33mM) were observed using a 100nm pore size
disc filter and following a negative stain protocol described
before. Figures 5(a) and 5(b) show CL micrographs, where
CL surface contour can be observed. Figures 5(c) and 5(d)
show lipoplex micrographs, where molecules are attached
to liposomes, which give a surface irregularity. An individual
lipoplex is shown in Figure 5(c), where it can see the com-
plex surface. A size increase is observed from approximately
91 nm (average size of CL alone) to 219nm. Accordingly, in
all previous experiments, SEM results also showed a binding
between CL and ctDNA, increasing the formed lipoplex size

as [ctDNA] increases. Similar results were observed by
Zhang et al. [42] and Rasoulianboroujeni et al. [43] in their
liposome-DNA complexation study, where DNA is strongly
associated with liposomes. It is important to mention that
lipoplexes with these same characteristics were used in cellu-
lar viability assays.

3.6. Cell Viability Assays. CL and lipoplex cytotoxicity was
tested in HUVEC, MDA-MB-231, and HeLa CCL-2 cell
lines by MTT assays. For these assays, fixed concentrations
of CL (0.30mM) and ctDNA (80μg/mL) in HEPES buffer
(4mM) were used as controls, and five ctDNA concentra-
tions between 0.043 and 23.53μg/mL were tested. Figure 6
shows CL and lipoplex viability assays and different
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Figure 6: Cytotoxicity assays on HUVEC, MDA-MB-231, and HeLa CCL-2 cell lines. Names on bars indicate samples and concentrations
for each cell line, as follows (from left to right): (bar 1) cell control ½5 × 104 cells/well�; (bar 2) fixed ½ctDNA alone� = 80μg/mL; (bar 3) fixed
½HEPES buffer alone� = 4mM; (bar 4) fixed ½CL alone� = 30μM; (bar 5) ½CL� − ½ctDNA� = 0:04705 ng/μL; (bar 6) ½CL� − ½ctDNA� = 0:941 μg/
mL; (bar 7) ½CL� − ½ctDNA� = 1:41μg/mL; (bar 8) ½CL� − ½ctDNA� = 11:76 μg/mL; (bar 9) ½CL� − ½ctDNA� = 23:53μg/mL; (bar 10) fixed
½Lipofectamine 2000 alone� = 0:5μL/well; (bar 11) ½Lipofectamine 2000� − ½ctDNA� = 0:2μg/well; (bar 12) ½Lipofectamine 2000� − ½ctDNA�
= 0:5μg/well; (bar 13) ½Lipofectamine 2000� − ½ctDNA� = 1 μg/well.
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[ctDNA]. On HUVEC cells, taken as a healthy model of
cells, CL shows low toxicity, reporting around 80% of viabil-
ity, while the lowest toxicity effect is observed in MDA-MB-
231 cells with 82:3 ± 3:9% of viability. As a control, CL alone
showed the highest toxicity on HeLa CCL-2 cells with a via-
bility of 73:3 ± 6:2%. In general, lipoplexes showed a viability
around 80% for HUVEC, 83% for MDA-MB-231, and 76%
for HeLa CCL-2. A similar synergistic effect was reported
by Nguyen et al. using CL and plasmid DNA in HeLa,
B16BL6, and RGC-6 cell lines [44]. In our case, a higher via-
bility for lipoplexes was observed for the highest [ctDNA]
used (2.18μg/mL), compared with the other CL/ctDNA for-
mulations. CL used as a base for lipoplex shows high cell via-
bility in the tested cell lines, reporting a maximum toxicity of
27% on HeLa cells and close to 20% for most of the cases. To
compare cytotoxicity effects, Lipofectamine 2000 was
employed as a reference following the fabricant’s protocol
and concentrations, the results showing similar cytotoxicity
levels at concentrations between Lipofectamine 2000 using
3 [ctDNA] around fabricant’s recommendation and CL.
Due to this low toxicity, their easy complexation with
DNA, high stability (see Figure 1), and low-cost lipids, com-
pared with other anionic formulations commonly used,
makes them a promising nonviral vector for gene delivery.

Statistically significant differences between the untreated
cell control and ½CL� − ½ctDNA� = ½0:04705 − 23:53μg/mL�
are indicated in Figure 6 by ∗, between fixed ½ctDNA alone�
= 80 μg/mL and ½CL� − ½ctDNA� = ½0:04705 − 23:53� μg/mL
are indicated by #, and between fixed ½HEPES buffer alone�
= 4mM and ½CL� − ½ctDNA� = ½0:04705 − 23:53 μg/mL� are
indicated by &. Nonsignificant differences are not indicated.
We are using Lipofectamine 2000 as a commercialized pos-
itive control, and significant differences with respect to the
untreated cell control are indicated by $. In general, all these
values show a statistical significance (p < 0:05).

Additionally, calcein-AM detection by flow cytometry
was performed to assess if the viability of HUVEC,
MDA-MB-231, and HeLa-CCL-2 cell lines is affected by
[CL]-[ctDNA] at different concentrations. For that, CL
alone (0.30mM), ctDNA (80μg/mL), and HEPES buffer
(4mM) were used as controls (p > 0:05); cells treated by
20min at 70°C were negative controls of viability com-
pared to the untreated cells (p < 0:0001) (see Figure S2 of
the Supplementary Materials). Four [CL]-[ctDNA]
concentrations between 0.047 and 11.76μg/mL were tested.
Figure S2 shows that the viability at different [CL]-[ctDNA]
was not statistically affected compared to the untreated
cells; [CL]-[ctDNA]-treated HUVEC cells show around
91% of viability (p > 0:05), MDA-MB-231-treated cells
show around 95% of viability (p > 0:05), and HeLa-CCL-2
cells show around 93% of viability (p > 0:05). We also
include in the supplementary information the raw data
from the flow cytometry measurements of each of the cell
lines (Figures S3, S4, S5, and S6), which we used to
construct the bar graph (Figure S2).

These data and the cytotoxicity assays evaluated by MTT
allow us to affirm that these lipoplexes do not affect cell line
viability, making them good candidates for use as molecular
vectors.

4. Conclusions

DODAB-DOPC CL is a promising formulation due to the
easy way to form complexes with ctDNA. The different
experimental techniques confirm that this complexation
occurs easily. EtBr displacement assay shows a good affinity
between CL and ctDNA. Cell viability assays show positive
results due to the low toxicity of the tested formulations,
compared to the low toxicity produced by commercial CL
Lipofectamine 2000. As said before, CL easy complexation
with ctDNA, high stability, and low-cost lipids, compared
with other anionic formulations commonly used, makes this
formulation a promising nonviral vector for gene delivery or
drug delivery systems. Internalization pathways of this for-
mulation must be studied to find ways to enhance cell
transfection.
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Supplementary Materials

Figure S1: ctDNA stability measurements over time by (A)
UV-Vis and (B) fluorescence. The measurements were
recorded for 7 h at 25°C in HEPES buffer at pH = 7:4. Figure
S2: calcein-AM viability assays. Flow cytometry measure-
ments of viability in (A) HUVEC, (B) MDA-MB-231, and
(C) HeLa-CCL-2 cell lines were performed by triplicate
using calcein-AM according to the classification strategy
described in Figure S3. The graph represents the mean ±
SD of three independent experiments, expressed as cell
viability (%). Culture conditions are indicated in the below
bars: the untreated cells as control of viability
[2:5 × 105 cells/well]; ctDNA [80mg/mL ctDNA alone-
treated cells]; death control [70°C/20min-treated cells];
4mM HEPES-treated cells; [CL] 0.133mM-treated cells;
and [CL]-[ctDNA]-treated cells. ∗∗∗∗ denotes p < 0:0005
compared to the untreated cells (one-way ANOVA with
Bonferroni’s post hoc test). Figure S3: calcein-AM configura-
tion. A representative analysis of the cell lines in BD FACS-
Verse, gating cells by (B) forward scatter (FSC), (C) side
scatter (SSC), and (D) gating of positive calcein-AM cells
in FITC-A (B4). 10,000 events in (D) for calcein-AM expres-
sion were detected. Figure S4: HUVEC cell viability by FACS
using calcein-AM. A representative dot plot of calcein-AM
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viable cell detection in HUVECs is shown. 10,000 events in
(D) for calcein-AM expression (FITC-A channel) were
detected (Figure S3(D)). Gated cells into dot plots are
calcein-AM-positive viable cells (A), positive viability con-
trol (untreated cells) (B), vehicle control (CL alone-treated
cells) (C), buffer control (HEPES) (D), ctDNA control
(ctDNA alone-treated cells) (E), and [CL]-[ctDNA]-treated
cells C1 (0.047μg/mL) (F), C2 (0.941μg/mL) (G), C3
(1.410μg/mL) (H), and C4 (11.76μg/mL) (I). Figure S5:
MDA-MB-231 cell viability by FACS using calcein-AM. A
representative dot plot of calcein-AM detection in MDA-
MB-231cells. 10,000 events in (D) for calcein-AM expres-
sion (FITC-A channel) were detected (Figure S3(D)). Gated
cells into dot plots are calcein-AM-positive viable cells (A),
positive viability control (untreated cells) (B), vehicle control
(CL alone-treated cells) (C), buffer control (HEPES) (D),
ctDNA control (ctDNA alone-treated cells) (E), and [CL]-
[ctDNA]-treated cells C1 (0.047μg/mL) (F), C2 (0.941μg/
mL) (G), C3 (1.410μg/mL) (H), and C4 (11.76μg/mL) (I).
Figure S6: HeLa-CCL-2 cell viability by FACS using
calcein-AM. A representative dot plot of calcein-AM detec-
tion in HeLa-CCL-2 cells is shown. 10,000 events in (D)
for calcein-AM expression (FITC-A channel) were detected
(Figure S3(D)). Gated cells into dot plots are calcein-AM-
positive viable cells (A), positive viability control (untreated
cells) (B), vehicle control (CL alone-treated cells) (C), buffer
control (HEPES) (D), ctDNA control (ctDNA alone-treated
cells) (E), and [CL]-[ctDNA]-treated cells C1 (0.047μg/mL)
(F), C2 (0.941μg/mL) (G), C3 (1.410μg/mL) (H), and C4
(11.76μg/mL) (I). (Supplementary Materials)
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