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A B S T R A C T   

Polyethylenimine (PEI) has been demonstrated as an efficient DNA delivery vehicle both in vitro and in vivo. 
There is a consensus that PEI-DNA complexes enter the cells by endocytosis and escape from endosomes by the 
so-called “proton sponge” effect. However, little is known on how and where the polyplexes are de-complexed for 
DNA transcription and replication to occur inside the cell nucleus. To better understand this issue, we (i) tracked 
the cell internalization of PEI upon transfection to human epithelial cells and (ii) studied the interaction of PEI 
with phospholipidic layers mimicking nuclear membranes. Both the biological and physicochemical experiments 
provided evidence of a strong binding affinity between PEI and the lipidic bilayer. Firstly, confocal microscopy 
revealed that PEI alone could not penetrate the cell nucleus; instead, it arranged throughout the cytoplasm and 
formed a sort of aureole surrounding the nuclei periphery. Secondly, surface tension measurements, fluorescence 
dye leakage assays, and differential scanning calorimetry demonstrated that a combination of hydrophobic and 
electrostatic interactions between PEI and the phospholipidic monolayers/bilayers led to the formation of stable 
defects along the model membranes, allowing the intercalation of PEI through the monolayer/bilayer structure. 
Results are also supported by molecular dynamics simulation of the pore formation in PEI-lipidic bilayers. As 
discussed throughout the text, these results might shed light on a the mechanism in which the interaction be-
tween PEI and the nucleus membrane might play an active role on the DNA release: on the one hand, the PEI- 
membrane interaction is anticipated to facilitate the DNA disassembly from the polyplex by establishing a 
competition with DNA for the PEI binding and on the other hand, the forming defects are expected to serve as 
channels for the entrance of de-complexed DNA into the cell nucleus. A better understanding of the mechanism of 
transfection of cationic polymers opens paths to development of more efficiency vectors to improve gene therapy 
treatment and the new generation of DNA vaccines.   

1. Introduction 

Polyplexes (polymer/DNA complexes) represent an attractive alter-
native to viral vectors for cell transfection [1,2]. They usually present 
lower efficiency rates but they have the advantage of possessing low host 
immunogenicity, the possibility of large-scale production, and the 
avoidance of potential risks of mutation related to the use of viral vectors 
[3]. 

Polyethylenimine (PEI) is a cationic polymer which in 1995 became 

the second non-viral vector used to transfer nucleic acids into cells [4]. 
Ever since, multiple in vivo and in vitro studies using different types of 
PEI have shown a relatively high efficiency in gene expression compared 
with other polymer vectors [5,6]. The origin of its efficiency seems to be 
the combination of its strong DNA compaction capacity with an intrinsic 
endosomolytic activity [7]. However, the mechanism of the transfection 
of the PEI-DNA complexes is still a topic of debate. 

Non-viral gene delivery mechanism is generally considered to consist 
of seven different steps: (i) polyplex formation, (ii) binding of the 
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polyplex to the external cellular membrane, (iii) cellular uptake by 
endocytosis, (iv) endosomal escape, (v) cytoplasmic transportation, (vi) 
entry through the nuclear membrane and (vii) decomplexation of DNA 
vector within the nucleus. 

In the last decade, there have been a large number of investigations 
concerning the first four steps [8,9]. Most of these studies agree that the 
key feature of the efficiency of PEI in gene therapy resides in the so 
called “proton sponge” effect. PEI-DNA complexes are usually positively 
charged, and they interact electrostatically with the external membrane 
of the cell. After the interaction, the polyplexes are spontaneously 
captured by an endosome to be transferred to a lysosome for degrada-
tion. During this intracellular trafficking the capacity of the PEI to 
attract protons is coupled with the influx of protons and chloride ions by 
the endosomal ATPases to decrease the pH [10]. The result is a drastic 
increase in the ionic strength inside the endosome that induces an os-
motic swelling and provokes the disturbing of the endosome, releasing 
the polyplex into the cytoplasm of the cell. 

Interestingly, the PEÍs polyplexes ability to transfection has also been 
investigated in DNA vaccines in the prevention of several infections 
[11–14] and cancers [15–17] not only for its low cytotoxicity and its 
capacity to increase transfection efficiency, but also because it is sus-
pected that PEI has intrinsic immune-activating properties in vivo [11]. 
PEI-based DNA vaccines have shown stronger immune response in vivo 
as compared to the traditional protein vaccine for tetanus [18]. DNA-PEI 
polyplexes were also tested as DNA vaccine for Severe Acute Respiratory 
Syndrome Coronavirus (SARS-CoV) showing an increase of production 
of B lymphocytes and SARS-CoV Spike protein in mice immunized via 
intranasal [12]. 

Nevertheless, little is known about the pathway and mechanism of 
the transit of the PEI-DNA complexes or the naked DNA from cytoplasm 
to the nucleus [19]. Experiments carried out by Pollard and co-workers 
showed that DNA alone is hardly transported from cytoplasm to nucleus 
compared with PEI-DNA complexes [20]. That means that the 
complexation of DNA with PEI either protects the DNA from enzymatic 
degradation in the cytoplasm [21] and/or the PEI plays an active role in 
the nuclear uptake of the DNA. Shi and co-workers showed the presence 
of PEI, interestingly, at the intracellular and nuclear level and DNA 
previously polyplexed [22], opening the door to the possibility of the 
previous intracellular decomplexation of DNA. This result may agree 
with the active role of PEI in the nuclei uptake of the naked DNA. The 
skepticism of some authors [23,24] that the PEI interacts with the nu-
cleus of the cell is based on the assumption that the PEI introduced into 
the cell nucleus may interact also with the host DNA altering the 
transgenic expression. 

Static light scattering measurements of phospholipidic membranes in 
presence of PEI by Sikor et al. [25] show indirect evidence that the PEI 
alone is able to create pores in the phospholipidic membrane and more 
recently Kwolek et al. concluded that the incorporation of PEI facilitates 
transmembrane translocations of anionic lipids [26]. However, although 
the crucial role of nanopores in different diffusion regimes of PEI -linear 
or branched- have been studied before [27], the pore formation induced 
by PEI in lipid bilayers remains unclear. In the present study, we 
extended our characterization of PEI and its interactions with biological 
membranes. We used physicochemical studies and in vitro experiments 
to shed light on the mechanism of interaction between PEI and the 
lipidic membrane of the cell nucleus. In addition, molecular dynamic 
simulations of a bilayer at two different temperatures in the presence of 
PEI were also conducted to validate the experimental results. 

The PEI type and the composition of the lipidic bilayer mimicking the 
nuclear membrane in this study were selected to optimize the experi-
mental conditions of the biophysical techniques to allow the interpre-
tation of the data at the molecular level. We focused our study in the 
search of the physicochemical mechanisms of interaction that facilitate 
the transfection, assuming that PEI with larger molecular weight and 
more complex lipidic membranes may operate through the same prin-
ciples. Our results suggest more detailed insights to explain the transit of 

DNA into nucleus when PEI is used as vector. PEI has the ability to 
stabilize pores and defects on lipidic membrane creating channel for the 
DNA to cross through into the cell nucleus. The tendency of PEI to stay at 
the channels of the phospholipidic bilayer may assist the decomplexion 
of the PEI/DNA polyplexes and possibly prevent PEI from interaction 
with the host DNA. Our finding provides new basis to improve the ef-
ficiency of non-viral vectors for the development new gene therapy 
treatments and DNA vaccines. 

2. Materials and methods 

2.1. Materials 

Highly branched polyethylenimine (PEI) with high charge density, 
low molecular weight (Mw = 1800 g/mol, PDI = 1.14), and primary, 
secondary, and tertiary amine groups in a ratio of approximately 1/2/1 
was purchased from Polysciences Inc. 1,2-dimyristoyl-sn-glycero-3- 
phosphocholine (DMPC) was purchased from Avanti Polar Lipids. 
Triton X-100, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic sodium 
salt (HEPES), sodium bicarbonate and dimethyl sulfoxide (DMSO) were 
obtained from Sigma-Aldrich, and carboxyfluorescein (CF) was from 
Kodak. Oregon Green 488 carboxylic acid, succinimidyl ester, Bodipy 
Phalloidin (650/665), Hoechst 33258, pentahydrate (bis-benzimide), 
Dulbecco’s Modified Eagle Medium (DMEM), Fetal Calf Serum (FCS), 
Non-Essential Amino Acids (NEAA), L-glutamine, sodium pyruvate, and 
Penicillin Streptomycin (Pen Strep) were purchased from Invitrogen. 
HeLa cells (CCL-2) were purchased from ATCC. Vectashield antifade 
mounting medium was purchased from R. Costoya S.L. 

2.2. Liposomes preparation 

Large multilamellar liposomes were prepared following the freeze- 
thaw-vortex protocol [28]. This procedure entails freezing the phos-
pholipid aqueous dispersion by immersion into liquid nitrogen, followed 
by thawing by immersion into 50ºC water and followed by thorough 
vortexing. Large unilamellar liposomes were prepared by extrusion 
method. The details of the extrusion process have been described else-
where [29]. The dispersion was preextruded by forcing it once through 
polycarbonate membrane filters (Millipore) with a nominal pore diam-
eter of 800 nm held in extruder (Northern Lipids) using dry nitrogen at 
high pressure. Liposome dispersion was then extruded at least ten times 
through two polycarbonate membrane filters with a nominal pore 
diameter of 100 nm. All extrusions were done at 50 ºC. Dynamic light 
scattering measurements confirm a final size of 118 nm ± 5 nm in 
diameter for the unilamellar DMPC liposomes. DMPC was used as a 
model for the nuclear membrane, which has a more complex composi-
tion, including low level of anionic phospholipids (phosphatidylinositol 
and phosphatidylserine) [30]. However, at physiological conditions 
(ionic strength and pH) DMPC has a net negative charge and a phase 
transition temperature (Tm) at 23.5ºC; which makes DMPC a convenient 
phospholipid to use by the biophysical techniques employed in this 
study. 

2.3. Zeta potential measurements 

Zeta potentials (ζ-potentials) of the large unilamellar liposomes were 
measured using a ZEN2600 Zetasiser Nano ZS equipped with 633 nm 
laser from Malvern Instruments. The measurements were performed 
with the universal “Dip” cell, also from Malvern Instruments. For all 
samples, an average of five measurements was taken 15 min after the 
mixing of the liposome and PEI solutions. Samples were prepared in 
water and pH was successively changed by adding different aliquots of 
NaOH or HCl. 
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2.4. Surface π-A isotherms 

Langmuir monolayer experiments were carried out with a NIMA 601 
(Coventry) trough (total area = 525 cm2), placed on an antivibration 
table. Surface pressure was measured with the accuracy of ± 0.1 mN/m 
using a Wilhelmy plate made from chromatography paper (ashless 
Whatman Chr1) as a pressure sensor. After spreading from chloroform 
solution, the monolayers were left for 10 min to ensure the solvent 
evaporation, and afterwards the compression was initiated with the 
barrier speed 15.6 A2/(molecule min). No buffer was used in this ex-
periments, double distilled water with pH = 6.5 was used. 

2.5. Differential scanning calorimetry (DSC) 

The measurements were performed using a MicroCal VP-DSC Dif-
ferential Scanning Calorimeter (MicroCal LLC, Northampton, MA, USA) 
with a cell volume of 0.514 mL. The lipid concentration was always 1 
mM. At least 15 scans from 8 to 55 ◦C at a scan rate of 60 ºC/h were 
performed for each sample. The pre-equilibration time, prior to the start 
of each scan, was 1 h. The Origin 6.0 software package was used to 
evaluate the peak temperatures and the transition enthalpies. Samples 
were prepared in HEPES buffer at pH = 7.4. 

2.6. Liposomes leakage assay 

DMPC liposomes were prepared by extrusion as described above 
with entrapped self-quenched carboxyfluorescein (44 mM) in 70 mM 
NaCl, 10 mM HEPES (pH 7.4). Free CF was removed by chromatography 
on a Sephadex G 50 column [31]. Lipid concentration was determined 
using the Bartlett phospholipid phosphate assay [32] and CF concen-
tration was estimated by spectroscopy. Liposomes were diluted in 10 
mM HEPES with or without 150 mM NaCl and their integrity was 
monitored by recording the CF fluorescence at 520 nm (λex = 490 nm) 
for 10 min at 20 ◦C using a PTI Quanta Master Luminescence spectro-
fluorimeter. Increased fluorescence intensity at 520 nm measured after 
the addition of PEI indicated release of vesicle-trapped CF in the bulk 
solution. To induce complete leakage of CF, vesicles were mixed with 
Triton X-100 (1%, v/v). The percent of CF leakage was calculated ac-
cording to the formula [33]. 

CFleakage =
F − F0

FT − F0
× 100 (1)  

where F0 is the fluorescence before PEI is added, F is the fluorescence 
5 min after PEI has been added, and FT is the fluorescence after Triton X- 
100 has been added. AFFINImeter-Spectroscopy software (Software 4 
Science Developments S.L., Spain) was used for fitting the resulted iso-
therms [34]. 

2.7. Labeling of PEI for visualization 

PEI was diluted to a concentration of 5 mM with 0.1 M sodium bi-
carbonate and then transferred in separate to microcentrifuge tubes in 1- 
mL aliquots. While stirring, 50 µL tag [Oregon Green 488 carboxylic 
acid, succinimidyl ester, in DMSO at 10 mg/mL] was added to each of 
the microcentrifuge tubes, after which stirring continued for 1 h in 
darkness at room temperature, followed by an additional incubation of 
at least 1 h also in darkness. The labeled PEI could then be used for 
cellular internalization or stored at 4 ◦C [35]. 

2.8. Confocal microscopy 

Cellular internalization of labeled PEI was recorded by using a LEICA 
TCS-SP5 confocal microscope (LEICA Microsystems Heidelberg GmbH) 
equipped with a blue diode (λ = 405 nm) and a pulsed White Line Laser 
(WLL, for λ = 488, 561, and 633 nm) and employing HCX PL APO CS 

63x/1.4 OIL objective lenses for visualization. The cells were seeded on 
poly-L-lysine coated glass coverslips (12 × 12 mm) placed inside 6-well 
plates (3 mL, 5 ×104 cells/well) and grown for 24 h at standard culture 
conditions (5% CO2 at 37 ºC) in DMEM supplemented with 10% FCS, 
2 mM L-glutamine, 1% Pen Strep, 1 mM sodium pyruvate, and 0.1 mM 
NEAA. Afterwards, labeled PEI was internalized to cells (200 µL) and 
incubated for 6 h at standard culture conditions. At 6 h post- 
internalization the culture medium containing the labeled PEI was 
exchanged for fresh medium. At appropriate time points cells were 
washed and stained for visualization with Hoechst (cell nucleus) and 
Bodipy Phalloidin (cytoplasm). Briefly, 350 µL of paraformaldehyde 
(4% w/v in 1 × PBS) were added to each coverslip, incubated for 
10 min, and washed with 1 × PBS. Then, 350 µL of a Triton X-100 so-
lution (0.1% w/v in 1 × PBS) were added, incubated for 10 min, and 
washed with 1 × PBS. Then, 200 µL of Bodipy Phalloidin 650/665 (5% 
v/v in 1 × PBS) were added, incubated for 20 min, and washed with 
1 × PBS. Then, 200 µL of a Hoechst solution (1:4000 v/v in 1 × PBS) 
were added, incubated for 5 min, and washed with 1 × PBS. Finally, the 
coverslips were exposed by the surface with cells attached to one drop of 
antifade reagent vecta-shield and mounted onto microscope slides with 
cells sandwiched in between. Once mounted onto the slides, cells were 
stored at 4 ºC in darkness for at least 12 h prior to visualization. Exci-
tation lines of 405 (observed at 425–475 nm), 488 (observed at 
500–550 nm), and 633 nm (observed at 650–725 nm) were employed 
for visualization of cellular nucleus (stained with Hoechst), Oregon 
Green-labeled PEI, and cytoplasm (stained with Bodipy Phalloidin), 
respectively. All experiments were carried out in duplicate. 

2.9. In silico systems, procedures, and details 

We carried out simulations of one bilayer system at two different 
temperatures in the presence of PEI polymers. The branched PEI poly-
mer formed by 33C-C-N monomers was molecularly designed with an 
approximate ratio of 1/2/1 of primary, secondary, and tertiary amine, 
respectively. The protonation state was carried out by adding 8 H atoms 
in primary and secondary amines due to the high pKa values in front of 
tertiary amines. This selected protonation percentage follows previous 
reported molecular dynamics simulations with polyethylenimines at 
physiological pH [36]. The topology of the residue PEI was obtained 
with CGenFF, the CHARMM General Force Field server [37–40]. This 
way to proceed has been reported to different conformations of poly-
ethylenimines [41,42]. The low penalty scores of charge, angles and 
dihedrals were confirmed, and the values were compared from existing 
parameters for analogous atom groups in CGenFF, following a previ-
ously reported procedure [43,44]. A solvated bilayer of 314 DMPC lipids 
was assembled with CHARMM-GUI Membrane Builder [45–50]. We use 
14017 TIP3P [51] water molecules which satisfy a reasonable ratio 
between DMPC/water molecules of approximately 1/45 [52]. We use 
GROMACS [53] functions to insert 9 PEI polymer molecules in the inner 
part of the lipid bilayer; likewise, the final system was neutralized by 
adding 72 chloride ions, which replaced the needed number of water 
molecules. We carried out GROMACS runs at two different tempera-
tures, 15 ºC and 30 ºC. Each run was previously minimized during 5000 
steps in a step-descend algorithm routine. The neighbor searching was 
implemented by the Verlet cutoff-scheme [54], with a cut-off distance 
for a short-range of 1.2 nm. We set Van der Waals type interaction with a 
cut-off on 1.2 nm, with a modifier based on smooth switches the forces 
to zero between 1.0 nm and the previous cut-off. Coulomb interactions 
were implemented by the Particle-Mesh Ewald method (PME) [55], with 
a cut-off set on 1.2 nm. The bonds with H-atoms were converted to 
constraints by the LINCS algorithm [56]. The canonical (NVT) and 
isothermal-isobaric (NPT) ensemble equilibrations were carried out 
during 20 ns. We have selected Berendsen-thermostat [57] to set the 
temperature coupling without separation in group baths and a reference 
temperature for coupling of 1 K. The Berendsen exponential relaxation 
pressure coupling was selected using semiisotropic conditions due to the 
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symmetry of our systems, in which the Z-axes is normal to the lipid 
bilayer. The simulations were run during 70 ns; during this step, the 
Nose-Hoover extended ensemble implemented the temperature 
coupling [58,59]. Likewise, the pressure coupling was set by the 
Parrinello-Rahman extended ensemble [60]. We use VMD software for 
visualization; GROMACS functions and Python scripts were also used to 
analyze the trajectories. 

3. Results and discussion 

As mentioned before, there is an open debate about the final location 
of PEI inside cells upon transfection of PEI-DNA polyplexes. We used 
confocal microscopy to observe the intracellular trafficking of PEI upon 
transfection to human cells, being the results compatible for both: the 
assumption that PEI is the entity of polyplexes interacting with cells 
[61], or that PEI is performing a key role by endosomolytic activity or 
pore formation capability after the unpackaging. 

Fig. 1 shows a confocal microscopy picture 6 h after the transfection 
of PEI (DNA was not used in these experiments). This figure depicts that 
large aggregates of PEI were preferably accommodated by the cytoplasm 
of all cells, as clearly observed from the 3D profiles shown in the vertical 
and horizontal frames of the figure. This fact agrees with previous results 
reported in which a significant amount of intracellular proteins were 
observed to interact with PEI [62]. As denoted by the arrows in the 
image, it is apparent that even if PEI progressively accumulates in the 
periphery of the nuclear area the polymer is not capable of crossing the 
nuclear membrane, giving support to the notion that PEI is not likely to 
enter the cell nucleus [23,24]. Or at least, the amount of PEI far from the 
inner part of the nuclear membrane will be poor, which agrees with 
previously reported results about the differential quantification of PEI in 
intracellular trafficking. Also, the peripheral accumulation of PEI was a 
possibility previously reported using a novel method by differential and 
density-gradient centrifugation techniques [22], which would agree 
with our confocal results. To better understand this interaction, we used 
DMPC monolayers and bilayers as nuclear membrane models. 

Prior to the study of the interaction between liposomes and PEI, we 
measured zeta potential of both DMPC liposomes and PEI polymer to 
electrostatically characterize their surfaces. Fig. S1 shows the zeta po-
tential of DMPC and PEI solution at different pH. Both liposomes and PEI 
have a surface charge that is highly pH dependent. DMPC molecule has a 
zwitterionic headgroup whose orientation determines the effective zeta 
potential of the liposomes at different pH [63,64]. PEI increases its 
surface charge as more protons are available in the solution [65]. At pH 
values between 7 and 10, PEI and DMPC have opposite zeta potential 

values and an electrostatic interaction is expected between them. The 
addition of 150 mM of NaCl to the solution decreases the zeta potential 
of PEI due to the screening of the surface charge but has no effect on the 
values for DMPC liposomes in the vicinity of physiological pH. 

We used surface pressure experiments to test the adsorption of PEI 
into the phospholipidic monolayers at the air-water interface. PEI ad-
sorbs to the air-water interface as evidenced by the increase in surface 
pressure upon injection of different amounts of PEI solution into the 
subphase of pre-formed DMPC monolayers. DMPC monolayers were pre- 
formed at the air-water interface in a Langmuir balance by spreading 
from chloroform solution. The monolayers were compressed to different 
initial surface pressures. After stabilization of the surface pressure, PEI 
solution was injected into the subphase through a side slot of the trough 
using Hamilton syringe; the solution was homogenized with a magnetic 
stirrer. Different volumes of PEI solution were used to obtain various 
concentrations in the aqueous subphase. In Fig. 2, Δπ = πPEI –π0 is the 
increase of the surface pressure when PEI was added into the subphase, 
πPEI is the surface pressure after the injection of PEI; πo is the initial 
surface pressure of pure DMPC monolayers. Fig. 2a shows the change of 
the surface pressure as a function of time when PEI is injected into 
subphase of a DMPC monolayer compressed to different initial surface 
pressures. The bulk molar ratio between DMPC and PEI was kept con-
stant to 15. A noticeable adsorption of PEI molecules onto the DMPC 
monolayer occurs when the surface pressure of DMPC is stabilized at 
π < 30mN/m; at these pressures, the DMPC monolayer is in the liquid- 
expanded state. Over time, the surface pressure increases, and the 
equilibrium value is reached after approximately 3 h. At higher, 
π = 35mN/m and π = 40 N/m, the overpressure Δπ is null and the 
interface is saturated with closely packed DMPC molecules. 

Fig. 2b shows the effect of PEI concentration at a fixed initial surface 
pressure of the DMPC monolayer of 30 mN /m; that is in the typical 
range of lateral pressures of the phospholipid bilayer [66]. 

For DMPC monolayers, when the bulk molar ratio of PEI/DMPC is 
below 1.5 × 10− 3, there is no evidence of interaction between adsorbed 
and spread molecules as the film surface pressure remains the same after 
injection of PEI. However, for higher PEI/DMPC bulk molar ratios, the 
increase in surface pressure provides evidence for the incorporation of 
PEI molecules. When the equilibrium is reached, the monolayer be-
comes saturated with uniformly distributed PEI molecules at the inter-
face. As it can be seen in Fig. 3b, the higher the molar ratio of PEI/DMPC, 
the higher Δπ is obtained, indicating the increased incorporation of PEI 
molecules into DMPC monolayers. The maximum Δπ (nearly 5 mN/m) is 
reached with PEI/DMPC molar ratio of 1.5. 

Measuring the surface pressure as a function of available surface area 

Fig. 1. Confocal Microscopy photographs of cellular 
uptake of PEI 6 h after transfection in HeLa cells. PEI is 
stained in green color, cytoplasm labeled in red and 
cellular nucleus in blue. Vertical and horizontal frames 
depict a 3D representation of the presented image 
along the dotted lines. Arrows show cells presenting the 
accumulation of PEI aggregates along the nuclei pe-
riphery (On the right side a single cell is shown 
enlarged).(For interpretation of the references to colour 
in this figure legend, the reader is referred to the web 
version of this article.)   
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at constant temperature is useful to study the existence of different 
phases, phase transitions and the stability of the monolayer. Fig. 3 shows 
the π-A isotherms of pure PEI (A), pure DMPC (B) and mixtures of 
DMPC/PEI monolayers (C and D) after injection of PEI. Despite that PEI 
is very soluble in water, it is surface active and forms adsorption 
monolayers with equilibrium distribution of the molecules between the 
bulk and interface phases for a given bulk concentration. The 
compression surface pressure – area isotherm for the PEI monolayer 
(isotherm A in Fig. 3) exhibits expanded state. At π = 38 mN/m the PEI 
molecules reached the collapse, and the monolayer is broken. Isotherm B 
shows the results for a DMPC monolayer. On water, DMPC monolayer is 
in liquid-expanded (LE) surface state. π-A isotherms of this phospholipid 
were also obtained by Albrecht et al. [67] and it was reported that DMPC 
showed a phase transitions below 12.5 ºC, becoming also evident at 
17 ºC. However, at the temperature of our work (~ 21 ºC) no marked 
phase transition was observed, confirming the results of other authors 
[67,68]. According to Mc Donald and Simon [69] the region in which 
the surface pressure is about 0 mN/m consists of small patches of water 
dispersed in a homogeneous LE phase formed by horizontally oriented 
DMPC molecules at the air/water interface. At areas below 40 cm2 

(Fig. 3), monolayer compression provokes the reorientation of the 
DMPC hydrocarbon chains to a more vertical position, causing a gradual 
increase in the monolayer elasticity until the collapse occurs (πcollapse =

47 mN/m, Acollapse = 27 cm2). The relatively low value of the DMPC 
collapse surface pressure (compared to the high collapse pressure of 
DPPC), and the relatively low monolayer rigidity in the vicinity of 
collapse, show that in this region DMPC alkyl chains are not fully erect, 
but they have a remarkable inclination. Consequently, DMPC monolayer 
remains in a liquid-expanded (LE) state throughout the compression. 

Isotherms C and D show the results for DMPC monolayer before and 
after the injection of PEI at initial surface pressure of 17 and 0 mN/m 
respectively. Arrows indicate the increase in surface pressure due to the 
addition of PEI, in agreement with Fig. 2. The penetration of PEI 
significantly affects the isotherm of the monolayer and shows a first 
transition at surface pressure corresponding to PEI collapse (38 mN/m). 
A second surface transition can be seen at surface pressure of 49 mN/m, 
the region of DMPC collapse. Taking together, the surface pressure study 
of the penetration of PEI polymers into DMPC monolayers suggest a 
strong hydrophobic interaction between the polymer and phospholipid 
bilayers. 

To explain the active role of PEI in transfection when it is used 
combined with DNA in gene therapy, we used DMPC liposomes as 
models of the nuclear membrane to study the ability of PEI to create 
stable membrane channels. We carried out carboxyfluorescein (CF) 
leakage assay experiments following the protocol described in [31] with 
DMPC liposomes in the presence and absence of NaCl. Fig. 4a shows the 
changes in the fluorescence intensity as a function of time. The lipo-
somes were diluted with 10 mM HEPES (pH 7.4) + /- 150 mM NaCl and 
their fluorescence was monitored for 10 min to ensure that changes in 
the osmotic pressure across the bilayer did not cause leakage of the 
entrapped CF. Different aliquots of PEI were added and CF leakage was 
monitored for 5 min. Finally, Triton X-100 was added to completely 
disrupt liposomes and induce 100% leakage. The low intensity detected 
before the addition of PEI is due the self-quenching of the highly 
concentrated CF inside the liposomes. Addition of PEI induces the 
leakage of CF. The dilution of the CF out of the inner part of the lipo-
somes decreases the self-quenching and increases the emitted 
fluorescence. 

The percentage of CF leakage as a function of PEI concentration was 
calculated using Eq.1. Results are shown in Fig. 4b. In the absence of 
salt, at PEI/DMPC molar ratio of 17, CF is completely released from the 
interior of the DMPC liposomes. This result suggests that PEI (without 
DNA) has the ability to create stable channels in phospholipidic bilayers. 
The lower percentage of CF leakage in the presence of 150 mM of NaCl 
implies that hydrophobic forces are not the only driving interaction. The 
decrease in the % CF leakage can be explained by the weaker interaction 

Fig. 2. Effect of the PEI penetration on the surface pressure of DMPC mono-
layers (a) as a function of π0 of the DMPC monolayer at fixed [PEI]/[DMPC] =
15 (ᄋ π0 = 0 mN/m, □ π0 = 20 mN/m Δ π0 = 30 mN/m, ∇ πo = 35 mN/m, ☆ 
π0 = 40 mN/m) (b) as a function of molar ratio [PEI]/[DMPC] at fixed 
π0 = 20 mN/m (ο [PEI]/[DMPC] = 15, □ [PEI]/[DMPC] = 1.5, Δ [PEI]/ 
[DMPC]=0.15, ∇ [PEI]/[DMPC] = 1.5 ×10− 3, ✩ [PEI]/[DMPC] = 1.5 ×10− 5). 

Fig. 3. (A): Isotherms of pure [PEI] = 0.9 mM; (B): [DMPC] = 0.12 mM; (C) 
Isotherms of the mixture of [DMPC] = 0.12 mM with [PEI] = 1.8 µM after the 
penetration with π0 = 17 mM/m; (D): Mixture of [DMPC] = 0.12 µM with 
[PEI] = 1.8 µM after penetration with π0 = 0 mM/m. Arrows represent the in-
crease of the surface pressure due to the penetration of PEI as shown in Fig. 2. 
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due to the screening of the PEI surface charge in the presence of salt (see 
Fig. S1). It should be also noted that all the CF leakage experiments were 
carried out at 25 ± 1 ºC, a temperature close to the transition temper-
ature of DMPC liposomes, in which the fluidity of the membrane favors 
this leakage phenomenon. 

To further understand the effect of PEI on DMPC bilayer and the 
potential formation of stable channels, we carried out differential 
scanning calorimetric measurements of DMPC liposomes interacting 
with PEI polymers. Pure DMPC liposomes have an exothermic transition 
temperature from gel to liquid condensed phase at Tm = 23.5 ºC with 
enthalpy ΔH = 24.7 kJ/mol [70]. The dashed line in Fig. 5a shows the 
exothermic peak for pure DMPC liposomes. Changes in the transition 
temperature or in the shape of the thermograph are usually related to 
modification of the packing of the lipids in the membrane [71,72]. 
Fig. 5a shows 15 successive calorimetric scans of a solution with molar 
ratio [PEI]/[DMPC] = 5 in HEPES buffer with pH = 7.4. The main dif-
ference of these measurements in comparison to other studies [25,73] is 
that the PEI was added to the solution of the pre-formed liposomes. This 
procedure allows probing the affinity of the PEI to the hydrophobic 
region of the membrane and its ability to penetrate the hydrophilic 

region of the head groups. Thus, we believe this experiment adds more 
relevant conclusion for the study of the transfection of polyplexes in the 
nucleus membrane. 

Fig. 5a shows that the addition of PEI shifts the phase transition to 
lower temperatures and broadens the peak. These results confirm the 
hydrophobic interaction and the ability of PEI to penetrate in the hy-
drophobic core of the membrane affecting the packing order of the 
lipids. It is worth noting that the penetration of the PEI into the mem-
brane is a slow process and PEI needs almost 30 heating/cooling cycles 
to equilibrate into the membrane. Fig. 5b shows the changes in the 
transition temperature and the width of the peak as a function of the 
successive scans. Similar results were observed when the experiment 
was repeated in the presence of 150 mM of NaCl (data not shown). 

There are two possible mechanisms of how PEI can create channels 
for DNA to enter the nucleus in gene therapy treatments, either the PEI is 
able to create pores in the nuclear membrane, as some antimicrobial 
peptides do [74,75]; or PEI is able to stabilize pre-existed holes or de-
fects in the phospholipid membranes. Our DSC data show that each time 
DMPC membrane passes thought the transition temperature, more PEI 
penetrates into it, broadening the transition peak and lowering the Tm. 

Fig. 4. (a) Fluorescence intensity of 50 mM of carboxyfluorescein encapsulated in 0.2 mM of DMPC liposomes in the presence of 150 mM of NaCl and 10 mM HEPES 
for different concentration of PEI (∇ 0.27 mM, Δ 0.54 mM, ☐ 0.67 mM and O 0.81 mM). (b) Percentage of carboxyfluorescein leaked from the DMPC liposomes as a 
function of the molar ratio of PEI and DMPC for experiments performed in absence of salt (■) and in the presence of 150 mM of NaCl (ᄋ). Isotherms were fitted using 
AFFINImeter-Spectroscopy software with overall equilibrium constants in the 102 M− 1 range. 

Fig. 5. (a) Traces for 15 successive DSC scans for 1 mM of DMPC liposomes with 5 mM of PEI in 10 mM HEPES solution. Some scans were omitted for clarity Dashed 
line shows the trace for 1 mM of pure DMPC liposomes for comparison. (b) Temperature transition (■) and the width of the peak at half height (○) for 1 mM of DMPC 
liposomes with 5 mM of PEI in 10 mM HEPES solution as a function of the number of consecutive DSC scans. 
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Considering that the number of defects, which increases the perme-
ability, is the largest at Tm, when the gel and the liquid condensed phases 
coexist [70,76], our results support a framework where PEI stabilizes 
existing holes or defects in the nuclear membranes to create stable 
channels for DNA. 

To verify the ability of the PEI to induce the pore formation, we 
carried out molecular dynamics (MD) simulations of the lipid bilayer of 
DMPC in the presence of the polymer. The interaction between PEI and 
membranes has been investigated by MD in previous works [26,77]. 
Likewise, the availability of PEI/siRNA complexes to cross the lipid 
bilayer, as well as the PEI interaction with phosphatidylcholine (PC) or 
phosphatidylserine (PS) lipids was previously reported [36]. Despite 
this, the dynamic of the pore formation, its stability and the hydration of 
PEI post-pore formation remain unclear. We ran simulations at two 
different temperatures, both to allow us to observe the pore formation at 
smectic or nematic phase at 15 ºC and 30 ºC, respectively. To explore the 
dynamics of the pore formation, we seeded 9 PEI polymers at the center 
of a DMPC bilayer formed by 314 lipids. 

Fig. 6 shows a final snapshot from the production step in the run. The 
presence of the PEI causes a reorganization of the lipids to form pores 
and water channels in the membrane. To show the existence of the 
conformational phases in the bilayer lipid domains, which are not 

involved in the pore formation, we selected those lipids and we pro-
ceeded to calculate the radial distribution function (RDF) of the middle 
carbons of their myristic acid chains. Fig. S2 shows the RDF calculated 
using the last 10 ns of the simulations. At 15 ºC, the RDF shows the 
coupling of 6 first neighbors, while the RDF for 30 ºC barely present 
coupling for the 4 first ones. The presence of those maximums in RDF at 
15 ºC implies the existence of a semi-crystalline smectic phase. The 
vanish of that coupling observed in RDF at 30 ºC indicate a nematic 
phase. The presence of endothermic peaks during heating cycles in DSC 
measurements (Fig. 5a) well agrees with those results derived from 
trajectory simulations by molecular dynamics. 

Fig. 7 allow us to observe the dynamic of the pore formation by 
analysis of the hydrogen bonding (HB) and nonbonded interaction en-
ergy (NBIE) between PEI and water molecules. Fig. 7a shows the 
hydrogen bonding between PEI and water molecules during the simu-
lation time. The number of HB increases until saturation is reached. This 
fact is due to the maximum number of HB that the PEI can hold. On the 
other hand, Figures 11b and 11c show the NBIE between PEI-DMPC and 
PEI-water at 15 ºC and 30 ºC, respectively. The value of NBIE for PEI- 
water decreases to more negative values during the simulation, and 
the NBIE values for PEI-DMPC increase to less negative values. At the 
same time, the initial values of NBIE for PEI-DMCP and PEI-water are 

Fig. 6. Snapshots at 70 ns of simulation of the pore formation. Solvated bilayer lipid (a) and isolated lipids (b).  
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slightly different, observing a stronger affinity of PEI for water than for 
DMPC. This balance favor the water molecules, which molecular weight 
is lower than PEI polymers and induce that the diffusion of the water 
molecules to the inner part of the bilayer is faster than the migration of 
PEI to water bulk. During the water channel formation, the lipids un-
dergo a distribution rearrangement to close the bilayer, exposing the 
polar heads to the water molecules to form the channel. Choudhury et al. 
[78] showed the ability of the fully protonated linear PEI to accommo-
date water molecules in front of unprotonated ones. Also, the aggrega-
tion of non-ionic surfactants with unprotonated PEI was showed. In our 
simulations, the branched PEI were partially protonated. The dynamic 
of pore formation by the interaction between water molecules and 
branched PEI and the little interaction of PEI with DMPC agrees with 
those reported results. 

Fig. 8 shows the density profiles calculated from the last 20 ns of the 
simulations. The density of phosphorus atoms of the lipids and the water 
molecules reveals the formation of the pores. Likewise, the density 
curves of chloride ions (Cl) and PEI polymers shows the stability of the 
channels, which conformation persists beyond the solvation of the PEI. 
The presence of the Cl along Z-axis shows the ability of the channels to 
allow the mass transfer between two sides of the bilayer. This fact 
supports the results of the leakage fluorescence assays. 

4. Conclusions 

We combined physicochemical experiments using phospholipidic 
monolayers and liposomes as cell membrane models with biological 
experiments observing the transfection of labeled PEI on human cells by 
confocal microscopy. Surface tension experiments studying the pene-
tration of PEI into DMPC monolayer show the ability of PEI polymer to 
insert into the phospholipid film compressed at surface pressure of ≤ 30 
mN/m, corresponding to the lateral pressure in phospholipid bilayer. 
Fluorescence dye leakage assay combined with differential scanning 
calorimetry and molecular dynamics simulation suggest that PEI alone is 
able to stabilize spontaneous holes or defects and create stable channels 
in DMPC membranes. These stabilized defects may serve as channels 
where the DNA is introduced in the interior of the cell nucleus when PEI 
is used in transfection experiments. The formation of pores is enhanced 
as the electrostatic interaction between the cationic PEI and the nega-
tively charged lipidic membranes become stronger. Calorimetry data 
and surface tension experiments reveal that, beside the electrostatic 
interaction, hydrophobic forces play an important role in the interaction 
of PEI with the membrane. Confocal microscopy photographs confirm 
that PEI enters the cytoplasm, reaches the nuclear membrane but does 
not enter the nucleus. 

By using only DMPC in the mono/bi-layer to mimic nuclear mem-
brane and low molecular weight PEI (1.8 kDa), we have used a simpli-
fied model of the interaction to allow us to interpret the applied 

Fig. 7. (a) shows the number of hydrogen bonds between PEI and water 
molecules during the simulation. (b) The nonbonded interaction energy (NBIE) 
between PEI and DMPC, as well as PEI and water molecules, is plotted at 15 ºC 
(black and red) and 30 ºC (green and blue).(For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 8. Density profiles along Z-axis for Cl, P, PEI and water molecules at 15 ºC 
(a) and 30 ºC (b). The insets show the total density profile of water. 
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biophysical techniques at the molecular level in the search of the basic 
mechanism that play a role in the transfection. aken together, our results 
support a framework in which PEI has the ability to provide channels for 
DNA to enter the nucleus. These channels are stabilized by PEI mole-
cules attached to spontaneously formed holes or defects in the nuclear 
membrane. PEI’s tendency to bind to these channels in the nuclear 
membrane can cause decomplexation of polyplexes that release DNA 
into the nucleus and prevent PEI from altering host DNA in the nucleus. 
We hypothesize that this mechanism may play a relevant role with more 
sophisticated non-viral vectors and we believe that his results open new 
routes to explore the optimization of polyplexes as non-viral gene vec-
tors to improve the efficiency of gene therapy treatments and develop 
new DNA vaccines. 
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[7] U. Lungwitz, M. Breunig, T. Blunk, A. Göpferich, Polyethylenimine-based non-viral 
gene delivery systems, Eur. J. Pharm. Biopharm. 60 (2005) 247–266. 

[8] X. Zhang, T.J. McIntosh, M.W. Grinstaff, Functional lipids and lipoplexes for 
improved gene delivery, Biochimie 94 (2012) 42–58. 

[9] X. Zhou, F. Laroche, G.E.M. Lamers, V. Torraca, P. Voskamp, T. Lu, F. Chu, H. 
P. Spaink, J.P. Abrahams, Z. Liu, Ultra-small graphene oxide functionalized with 

polyethylenimine (PEI) for very efficient gene delivery in cell and zebrafish 
embryos, Nano Res. 5 (2012) 703–709. 

[10] J. Remy, B. Abdallah, M.A. Zanta, O. Boussif, J. Behr, B. Demeneix, Gene transfer 
with lipospermines and polyethylenimines, Adv. Drug Deliv. Rev. 30 (1998) 85–95. 

[11] F. Wegmann, K.H. Gartlan, A.M. Harandi, S.A. Brinckmann, M. Coccia, W. 
R. Hillson, W.L. Kok, S. Cole, L. Ho, T. Lambe, M. Puthia, C. Svanborg, E. 
M. Scherer, G. Krashias, A. Williams, J.N. Blattman, P.D. Greenberg, R.A. Flavell, 
A.E. Moghaddam, N.C. Sheppard, Q.J. Sattentau, Polyethyleneimine is a potent 
mucosal adjuvant for viral glycoprotein antigens, Nat. Biotechnol. 30 (2012) 
883–888. 

[12] B. Shim, S. Park, J. Quan, D. Jere, H. Chu, M.K. Song, D.W. Kim, Y. Jang, M. Yang, 
S.H. Han, Y. Park, C. Cho, C. Yun, Intranasal immunization with plasmid DNA 
encoding spike protein of SARS-coronavirus/polyethylenimine nanoparticles elicits 
antigen-specific humoral and cellular immune responses, BMC Immunol. 11 (2010) 
65. 

[13] N.C. Sheppard, S.A. Brinckmann, K.H. Gartlan, M. Puthia, C. Svanborg, G. Krashias, 
S.C. Eisenbarth, R.A. Flavell, Q.J. Sattentau, F. Wegmann, Polyethyleneimine is a 
potent systemic adjuvant for glycoprotein antigens, Int. Immunol. 26 (2014) 
531–538. 

[14] X. Zhou, B. Liu, X. Yu, X. Zha, X. Zhang, X. Wang, Y. Jin, Y. Wu, Y. Chen, Y. Shan, 
Y. Chen, J. Liu, W. Kong, J. Shen, Controlled release of PEI/DNA complexes from 
PLGA microspheres as a potent delivery system to enhance immune response to 
HIV vaccine DNA prime/MVA boost regime, Eur. J. Pharm. Biopharm. 68 (2008) 
589–595. 

[15] H. Cho, S. Han, S. Im, Y. Lee, Y.B. Kim, T. Chun, Y. Oh, Maltosylated 
polyethylenimine-based triple nanocomplexes of human papillomavirus 16L1 
protein and DNA as a vaccine co-delivery system, Biomaterials 32 (2011) 
4621–4629. 

[16] Y. Ma, Y. Yang, Delivery of DNA-based cancer vaccine with polyethylenimine, Eur. 
J. .Pharm. Sci. 40 (2010) 75–83. 

[17] E. Mohit, A. Bolhassani, F. Zahedifard, N. Seyed, A. Eslamifar, M. Taghikhani, 
K. Samimi-Rad, S. Rafati, Immunomodulatory effects of IP-10 chemokine along 
with PEI600-Tat delivery system in DNA vaccination against HPV infections, Mol. 
Immunol. 53 (2013) 149–160. 

[18] K. Regnström, E.G.E. Ragnarsson, M. Köping-Höggård, E. Torstensson, H. Nyblom, 
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GROMACS: high performance molecular simulations through multi-level 
parallelism from laptops to supercomputers, SoftwareX 2 (2015) 19–25. 
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