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polyplex formation: the delicate role of the PEG
length in the binding of PEI to DNA†
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Biocompatible hydrophilic polyethylene glycol (PEG) is widely used in biomedical applications, such as

drug or gene delivery, tissue engineering or as an antifouling component in biomedical devices.

Experimental studies have shown that the size of PEG can weaken polycation–polyanion interactions, like

those between branched polyethyleneimine (b-PEI) and DNA in gene carriers, but details of its cause and

underlying interactions on the atomic scale are still not clear. To better understand the interaction

mechanisms in the formation of polyplexes between b-PEI-PEG based carriers and DNA, we have used a

combination of in silico tools and experiments on three multicomponent systems differing in PEG MW.

Using the PEI-PEG-squalene-dsDNA systems of the same size, both in the all-atom MD simulations and

in experimental in-gel electrophoresis measurements, we found that the binding between DNA and the

vectors is highly influenced by the size of PEG, with the binding efficiency increasing with a shorter PEG

length. The mechanism of how PEG interferes with the binding between PEI and DNA is explained using a

two-step MD simulation protocol that showed that the DNA–vector interactions are influenced by the

PEG length due to the hydrogen bond formation between PEI and PEG. Although computationally

demanding we find it important to study molecular systems of the same size both in silico and in a labora-

tory and to simulate the behaviour of the carrier prior to the addition of bioactive molecules to under-

stand the molecular mechanisms involved in the formation of the polyplex.

Introduction

Polyethylene glycol (PEG) is a polymer used in complex drug
delivery systems, approved by the FDA. It is found highly attrac-
tive due to its biosafety profile, tunable properties, and ability

to sterically stabilize and protect the bioactive molecule from
the host’s immune defense system. PEG molecules are com-
monly used in non-viral carriers in gene therapy, a class of
medical treatments aimed at eliminating the cause of diseases
instead of relieving the symptoms that relies on recombinant
nucleic acids to regulate, repair, replace, add/or delete a
genetic sequence in the cells of a patient.1 Still, after 30 years
of research and development, roughly ten projects have been
approved by regulatory agencies, including Glybera® (alipo-
gene tiparvovec), Imlygic® (talimogene laherparepvec) or
Strimvelis® (autologous CD34 + cells transduced to express
ADA).2 This is largely due to the great difficulties in creating
carriers capable of efficiently delivering large amounts of
genetic material into the targeted cells. The most efficient car-
riers available today are viral vectors,3 “designed” by nature.
However, it is difficult to engineer them for use as general
transporters, due to their rigid structure, and to the prohibitive
costs of manufacturing them in large amounts. Although very
efficient, they can elicit immune responses in the body, which
may go out of control in therapeutics. Therefore, a better
alternative is to continue to develop synthetic (non-viral)
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vectors using decorated nanoparticles or relying on polymeric
systems, either linear, branched, or dendrimer. They are cheap
to produce and highly tunable and can be easily designed for
specific applications, achieving nearly the same efficiency as the
viral vectors. Usually, non-viral vectors for delivering anti-cancer
drugs are made of stimuli-responsive polymers or block-copoly-
mers, in order to be able to deliver their cargo inside the malig-
nant cells, where the pH is lower and temperature is higher
than that in the healthy cells. For DNA delivery, one of the most
common building blocks is the cationic polymer polyethyl-
eneimine (PEI), either linear (l-PEI) or branched (b-PEI). PEI
interacts strongly with DNA through electrostatic forces between
its positively charged protonated amine groups and the nega-
tively charged phosphate groups of DNA, forming condensed
complexes (polyplexes) capable of penetrating the cell wall.4–6

However, the capability of positively charged b-PEI to form
strong electrostatic interactions with negatively charged bio-
compounds regularly leads to increased cytotoxicity.7 A
common approach to reduce the toxicity caused by b-PEI is to
cover it with a “stealth agent”. Hydrophilic polymers, like poly-
ethylene glycol (PEG), or proteins, like the blood plasma human
serum albumin (HSA), can be used to shield or mask the posi-
tive charges of PEIs.8–14 In particular, PEG has been extensively
used in this field, e.g., to reduce the immunogenicity and/or to
prolong the circulation of viral gene vectors, to improve gene
vector delivery to the airway tract or the gastro-intestinal system,
just to cite a few of the applications. Both Suk et al.14 and Yadav
et al.15 published comprehensive reviews on the multitude of
successful utilization of PEGylation.

Due to the highly charged nature of nucleic acid molecules,
the interaction with ions is fundamental in regulating their
functions. Many experimental and theoretical investigations
have been focused on understanding nucleic acid DNA inter-
actions with relatively simple physiological ions, how they are
affected by the ion’s nature and DNA sequence, and how they
affect the nucleic acid structural organization, dynamics, and
biophysical and biological behaviour (see for example ref.
16–22 and references therein). The understanding of DNA
interactions with complex charged systems, as those used for
gene delivery, is a very challenging task, and molecular simu-
lations have been only recently used to help the design and
evaluation of polymer-based drug/gene delivery systems.23–33

Both experimentally and theoretically, PEI remains one of
the most studied polycations used for DNA binding and gene

transfection. The behaviour of this polycation has been ana-
lysed extensively using both atomistic and coarse-grain models
in both Monte Carlo and classical MD simulations, as a stand-
alone polymer or as a part of a block-copolymer with PEG or
lipids.26,34–42 At the same time several experimental studies
have shown that the PEG length influences the binding
efficiency of PEI and other cationic polymers to DNA or
RNA,43–48 although the molecular mechanisms behind this
phenomenon have not been clarified yet, due to the difficulty
in obtaining detailed structural data of polymeric systems
from the experiments. In detail, Malek et al.44 observed by
using Heparin displacement assays, “the impaired complexa-
tion efficacy of PEI upon PEGylation”. Yang et al.45 observed,
using gel electrophoresis and FRET experiments, that “a
longer PEG chain hinders the complexation with siRNA”.
Previous investigations from our laboratory reported differ-
ences in the binding ability of PEG + PEI vectors to DNA as a
function of the length of molecular segments of PEG.49–52 The
in-depth explanation of this macroscopical behaviour requires
the understanding of the microscopical organization, with
details of the intra and inter molecular interactions either
between the vector main components and between the vector
and the cargo. The needed molecular insight into the binding
mechanisms, which could not be reached with the experi-
ments alone, can be obtained by simulating at the atomistic
level the vector and the polyplex.

With the aim of understanding this phenomenon, in the
present work we investigate the molecular mechanism of how
PEG mediates the PEI–DNA complex by means of molecular
modelling and an agarose gel electrophoresis measurement.
To this end, we have chosen a model system related to our pre-
vious work where we already observed some differences in
binding in relation to PEG molecular weight transfection.49–52

Each model system has a PEG (of 500, 1500 and 3000 Da)
attached to a squalene derivative and been linked to PEI of 800
Da via 2,6-diformyl-4-methylphenol (FDA2), (Scheme 1).

The size and sequence of the DNA in the simulations were
the same as in the experiments, namely 25 base-pairs long (5′-
CAAGCCCTTAACGAACTTCAACGTA-3′). In parallel, we did
perform an agarose gel electrophoresis measurement to inves-
tigate the interaction of the synthesized vectors with DNA.
These experiments did clearly show that the binding properties
of vectors did strongly depend on the PEG length, as also
observed in the MD simulations of the same systems per-

Scheme 1 General structure of the vectors studied in this work. Squalene is displayed in green, while PEG with n = 11, 31 and 67 repeat units are
shown in red. The dialdehyde is depicted in blue, while the branched PEI is in black.
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formed in a two-step protocol which mimics the experimental
preparation of the loaded vectors. In order to maximize the
matching between “wet” and “in silico” experiments, the same
sizes for vectors and DNA fragments were used in both experi-
ments, requiring sizes of the simulated systems rather large
compared to those typically used for this category of poly-
meric–biopolymeric systems. The simulation time and space
lengths allowed explaining the polyplex behaviour by identify-
ing the key mechanisms by which PEG interacts with b-PEI,
and elucidating why and how the chain length of PEG impacts
the process.

Results
MD simulations

To determine the way that PEG influences the binding of b-PEI
to dsDNA, we developed a two-step modelling approach for
each polyplex system, as explained in detail in the Materials
and methods section. Here we start by describing the prepa-
ration of the vector solution, then the micellization of the
charged polymers, and thereafter its complexation with the
DNA. A summary of the simulation protocol is presented in
Scheme 2.

Vector solution preparation

For VECTOR 500 we started the simulations from an extended
conformation. Visual analysis of the trajectory shows that the
individual molecules quickly collapsed in forming small
micelles, already during the first 10 ns. After that, the system
remained nearly unchanged for the rest of the simulation (550
ns). Fig. 1 shows the starting and final snapshots of the trajec-
tory. In the latter, we can see that squalene and the FDA2 (in
green and yellow in Fig. 1) aggregate in the centre of the
micelle, and that the b-PEI moieties (in blue) extend in the

solvent. The PEG chains (in red) wrap around the small
branches of the b-PEI, forming a middle layer in the aggregate,
in between the squalene/FDA2 core and the b-PEI chains.

For the VECTOR 1500, as detailed in the Material and
methods section, the starting configuration was generated by
inserting in the simulation box several copies of the vector
molecules already in a slightly compacted form. Since we did
observe that in simulating the system VECTOR 500, the orig-
inally elongated vector compacted rapidly at the beginning of
the simulation without any inter-molecular interactions, we
considered it reasonable to start the simulations of the two
larger vectors from a slightly compacted form. This allowed to
save computing time and use the savings to prolong the simu-
lation, rather than moving an excess amount of water mole-
cules in a very large simulation box after the vector had col-
lapsed. In order to naturally reduce the extended size of the
large vector, we performed a simulation of a single vector in a
large water box, for 10 ns; during this short simulation, we
could see that the vector did behave similarly to the shorter
VECTOR 500, adopting a collapsed conformation with the PEG
chains wrapped around the b-PEI. After the initial simulation
of the single vector, we followed the same protocol as that for
VECTOR 500. Fig. 2 shows the starting and final snapshots of
the trajectory with details of an aggregate of VECTOR 1500.

Fig. 2 also illustrates how the chain of VECTOR 1500
wrapped itself around a bigger portion of the b-PEI, as com-
pared to VECTOR 500. However, the formed aggregates still
show the same structural features as seen for VECTOR 500
with a squalene/FDA2 core, a middle PEG layer and PEI at the
outside.

For generating the starting coordinates of VECTOR 3000,
we used the same procedure as for the VECTOR 1500, by simu-
lating a single vector in water and allowing it to begin to fold.
After that, we simulated the aggregation process for 900 ns.
Fig. 3 shows the starting and final snapshots of the trajectory

Scheme 2 Schematic representation of the simulation protocol of the polyplex formation, for the three studied vectors represented on the left
from top to bottom: PEG500, PEG1500, PEG3000. The first step of the simulations for PEG aimed at reproducing the aggregation of 30 vector mole-
cules, while for PEG1500 and PEG3000 a single vector molecule was equilibrated in water for 10 ns before putting together 30 vector molecules.
Stable aggregates were obtained after 550–900 ns of MD simulation, depending on the size of the vector. 3 DNA molecules were added to the equi-
librated vector, and MD simulations of in the μs timescale were performed.
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and details of micelle organization. Visual inspection of the
trajectory of VECTOR 3000 did show the same behaviour as for
the smaller VECTORS 1500 and 500. The main difference is
however in the amount of b-PEI wrapped by the PEG chain,
which is now much bigger: b-PEI chains have become comple-
tely wrapped by PEG.

The aggregation process

To quantitatively monitor the aggregation process and the
interactions between PEG and b-PEI, we have counted the
number of b-PEI nitrogen atoms not in contact with PEG
(named here “the free-N atoms”), and also the number of
hydrogen bonds formed between PEG and PEI. Fig. 4 shows
their evolution over time. The counting algorithm automati-
cally excludes the two N atoms linking the PEG with the squa-
lene and the dialdehyde, since they are permanently in contact
with PEG.

The graph in Fig. 4A shows that for the VECTOR 500 system
the number of free-N atoms decreases rapidly during the first
10 ns and thereafter remains constant until the end of the
simulation. This is due to the rapid micelle formation, also

observed by the visual analysis of the trajectory, with almost
no structural changes occurring after micelle formation.

For VECTOR 1500 and VECTOR 3000 systems, the initial
number of free N-atoms is smaller than that for the VECTOR
500, although there is the same amount of b-PEI in all three
vectors. This is due to the different protocols, described above,
used to generate the starting structures for the simulation of
the two larger polymeric systems, for which an initial short
simulation of a single vector in water was performed. During
this period, some intra-molecular PEG–b-PEI interactions were
established. In the case of VECTOR 1500, the number of free-N
atoms remains almost constant over the simulation simply
because PEG had initially formed all the possible intra-mole-
cular H-bonds with the PEI sequence during the initial
process. Therefore, when the vector molecules started to aggre-
gate there were no “unbound” PEG polymers left to interact
with b-PEI.

For the VECTOR 3000 system, intra-molecular interactions
between PEI and PEG were formed during the initial pre-
folding process in a similar extent to what observed in the case
of VECTOR 1500. However, as shown in Fig. 2 (green), the
folding of VECTOR 3000 continues in the simulations with 30

Fig. 1 Snapshots of the trajectory of VECTOR 500: Top: The evolution of the system from the initial structure to the end of the aggregation simu-
lation. Bottom: Detailed image of a typical aggregate. Water molecules and hydrogen atoms are hidden, for clarity. Coloring of the different com-
ponents of the vector: Squalene green, PEG red, FDA2 yellow and PEI blue. Note: In the bottom inset, the image is slightly rotated compared to its
orientation in the figure above, for a better clarity.
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Fig. 2 Snapshots of the trajectory of VECTOR 1500. Top: Evolution of the system from the initial structure to the end of the aggregation. Bottom:
Details of the aggregate. Water molecules and hydrogen atoms are hidden, for clarity. Coloring of the components: Squalene green, PEG red, FDA2
yellow and b-PEI blue. Note: In the bottom inset, the image is slightly rotated compared to its orientation in the figure above, for a better clarity.

Fig. 3 Snapshots of the trajectory of VECTOR 3000. Top: Evolution of the system from the initial structure to the end of the aggregation. Bottom:
Details of the aggregate. Water molecules and hydrogen atoms are hidden, for clarity. Coloring of the components: Squalene green, PEG red, FDA2
yellow and b-PEI blue. Note: In the bottom inset, the image is slightly rotated compared to its orientation in the figure above, for better clarity.
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vector molecules, as witnessed by the number of free-N atoms
which rapidly decreases during the first 300 ns of simulation.
This is due to the fact that, PEG 3000 being twice larger than
PEG 1500, the number of “unbound” oxygen atoms able to
form intermolecular H-bonds with the neighbouring b-PEI
inside the micelle was still large after the 10 ns of MD simu-
lation of a single VECTOR 3000 molecule.

The simulation results also show that PEG chains interact
with the protonated N atoms of the b-PEI segment, forming
hydrogen bonds, see Fig. 4B. This affirmation is supported
also by quantum mechanics calculations discussed later in the
text. These interactions are so strong that, once they are
formed, the number of total hydrogen bonds remains stable
over the entire simulation, and we do not see a large fluctu-
ation of this number. This means that the PEG remains in
close contact to the b-PEI throughout the simulation and even
if some hydrogen bonds break, they are replaced by new ones
immediately. Fig. 4B shows the evolution of the number of
hydrogen bonds over time, which is inversely proportional to
the number of free-N atoms since the two are directly related.

It was the aim of this work to model in silico and study
experimental systems with the same molecular size and com-
position and physical and chemical working conditions, in
order to better follow and analyse the details of the molecular
processes and interactions. This is why we have first simulated
the process of vector forming starting from the coiling of the
polymer components to the micelle formation, followed by
wrapping of the aggregated vectors (micelles) around dsDNA
(as described in the next paragraph). The performed modelling
steps allowed us to follow the formation of every individual
H-bond after interplay of long- and short-ranged interactions.
At the same time, we were able to compare and verify the simu-
lation results with the experimental ones, obtained for the
same systems, synthesized and then complexed with the
dsDNA. We did interrupt the simulation of the vector aggrega-
tion once we noticed a clear stabilisation of the interactions
that later may play a role in the interaction with the DNA
(number of free-N atoms, and number of hydrogen bonds

between PEG and PEI; see Fig. 4). We did not consider extend-
ing the simulations past this point, to a complete equilibration
(at a great computational cost), as it would not provide any
new or different information.

QM calculation of the PEG-PEI complex

To provide more insight into the results obtained in MD simu-
lations concerning the conformations of the PEG-b-PEI
complex, we performed QM geometry optimization and fre-
quency calculations. We chose a complex formed in the
VECTOR 1500 simulation that contained fragments from two
molecules where the PEG was wrapped around the b-PEI, in a
fashion representative of the typical arrangement observed in
all the performed simulations. The QM optimized structure is
displayed in Fig. 5A, showing how the components of the
complex interact with one another, and the corresponding
electro-static potential (ESP) is displayed in Fig. 5C.

The results from QM calculations (Fig. 5A) confirm the
molecular association between PEI and PEG sequences as
observed in the classical simulations, thus ruling out that the
observed hydrogen bonds could result from the force field
parameters. Furthermore, the ESP map indicates that after
association of PEG-PEI there is a considerable polarization
taking place (Fig. 5C). The computed ESP distribution for an
isolated PEI is rather uniform, with a highly positively charged
surface (Fig. 5D). The electrostatic interactions between PEI
and PEG components lead to polarization of the molecular
ESP, due to hydrogen bond associations between the N–H
groups (of PEI) and O atoms (from PEG). The hydrogen bond
distances are less than 2 Å (ca. 1.85 Å), corresponding to
strong interactions (see Fig. 6).

Polyplex simulation

The final configurations from the simulations of each vector
were used to generate the starting structures for the simulation
of their complexation with the dsDNA. We did first remove the
water from the simulation boxes, added three dsDNA 25mers
in random positions, and then rehydrated the system by

Fig. 4 (A) Number of b-PEI free-N atoms over the entire simulation. The N atoms are considered free if no heavy PEG atoms are found within
0.4 nm. (B) Number of hydrogen bonds formed between PEG and b-PEI.
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adding water, as well as the necessary ions and counter-ions.
Fig. 7, 8, and 9 depict snapshots of the initial and final con-
figurations of each of the vector and DNA systems, together
with insets that allow visualizing some details of the inter-
actions between PEI and DNA.

Based on the visual analysis of the VECTOR 500 + DNA tra-
jectory (based on the inspection of snapshots as those

reported in Fig. 7), it is obvious that b-PEI strongly interacts
with the DNA. The micelles stick to DNA, and b-PEI can be
seen to interact with both the major and the minor grooves of
DNA. In the case of VECTOR 1500 we observe nearly the same
interactions as we see for the VECTOR 500 (see Fig. 8). For the
VECTOR 3000 system, the visual inspection (Fig. 9) shows that
the interactions between b-PEI and dsDNA are hindered by
PEG, and a smaller fraction of the polycation is free to
interact with DNA, as compared to the other two vector
systems. For all the simulated systems, the micelles (supramo-
lecular aggregated vectors) interact with all three added DNA
molecules, and the complexation process is mediated by the
free-N atoms.

In order to quantitatively determine the binding efficiency,
an analysis of the number of hydrogen bonds between b-PEI
and DNA was performed. Fig. 10 shows the evolution of the
number of H-bonds during the simulation of the complexation
processes of the three distinctive vector systems.

According to the graphs in Fig. 10, there are much fewer
PEI/DNA H-bonds in the VECTOR 3000 system than in 500 and
1500 ones. The largest number of H-bonds is formed in the
case of the VECTOR 500 system. This correlates well with the
experimental results (vide infra) and with the number of free-N
atoms that were observed in the aggregation simulations dis-
cussed above, which decreased on going from VECTOR 500 to
VECTOR 3000. The smaller the number of PEI free-N atoms,
the more limited the vector’s capability to form H-bonds with
dsDNA. To find out if PEG chains remain in close contact with
the protonated N atoms or if, in contrast, DNA “pushes” them
away, we did monitor the number of H-bonds between PEG
and b-PEI following the vector/DNA interactions. Fig. 10B
shows the evolution of the number of H-bonds and demon-
strates the stability of the association between the vectors and
dsDNA throughout the entire simulation time intervals in the

Fig. 6 Representation of intermolecular hydrogen bonds between PEI and PEG sequences after QM optimization. The hydrogen bonds are rep-
resented with a black dotted line. Color code: red, oxygen; blue, nitrogen; white, hydrogen; dark grey, carbon.

Fig. 5 Graphical representation of equilibrium geometry after QM cal-
culations of (A) the PEG-PEI complex and (B) the PEI sequence without
the PEG; (C) the electrostatic potential map of the PEG-PEI complex; (D)
the electrostatic potential map of the PEI sequence alone. The ESP map
was rotated by 180° around the main molecular axis to properly display
the electrostatic potential around the PEG-PEI complex and PEI com-
ponent alone.
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case of VECTOR 500 or VECTOR 1500, and during the last 500
ns in the case of the VECTOR 3000 system. This indicates that
the wrapping of PEG around the N atoms of PEI, as observed
in the equilibration of the solution of the vectors, limits the
capability of the poly-cationic chains to bind to dsDNA. Also,
to better understand the mechanism of interaction between
PEI and dsDNA, we compared the number of hydrogen bonds
that formed between PEI and the oxygen atoms (OP1 and OP2)

from the phosphate groups of the DNA backbone to the
number of hydrogen bonds between PEI and the rest of the
DNA. Fig. S17, S18 and S19† depict the evolution of the hydro-
gen bonds between dsDNA and VECTOR 500, VECTOR 1500
and VECTOR 3000, respectively. It can be seen that in all three
cases, the number of hydrogen bonds with OP1 and OP2 far
exceeds the number of hydrogen bonds with the rest of the
dsDNA molecules. This means that PEI prefers to form hydro-

Fig. 8 VECTOR 1500 + DNA: initial and final configurations of a 1.2 μs MD simulation. Carbon atoms are colored in cyan in the case of the vector,
and in yellow for the DNA molecule. For all molecules, nitrogen atoms are blue, oxygen atoms are red, and hydrogen atoms are white.

Fig. 7 VECTOR 500 + DNA: initial and final configurations of a 1 μs MD simulation. Carbon atoms are colored in cyan in the case of the vector, and
in yellow for the DNA molecule. For all molecules, nitrogen atoms are blue, oxygen atoms are red, and hydrogen atoms are white.
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gen bonds with the backbone of DNA rather than with the
bases.

To illustrate the compactness of the polyplex we compared
the number of contacts between the water and the vector prior
to DNA addition, between the water and DNA before any inter-
action with the vector, and between the water and the polyplex
at the end of the polyplex formation simulation. The contacts
are presented in Table 1.

We can observe that, as expected, increasing the size of PEG
leads to an increase in the number of contacts between the
vector and the water molecules. Also, we can see that for all
three cases the number of contacts between water and polyplex

decreases when compared to the sum of the individual con-
tacts at the beginning of the simulation, which proves the con-
densation of the DNA by the vector.

Experimental results
Zeta potential measurements

The measured values of the zeta potential of the vectors in
solution presented in Table 2 indicate that the surface charge
decreases as the PEG length increases. This is in good corre-
lation with the observations made based on the complexation

Fig. 10 The number of H-bonds established between (A) b-PEI and dsDNA, and (B) PEG and b-PEI.

Fig. 9 VECTOR 3000 + DNA initial and final configurations of a 1.2 μs MD simulation. Carbon atoms are colored in cyan in the case of the vector,
and in yellow for the DNA molecule. For all molecules, nitrogen atoms are blue, oxygen atoms are red, and hydrogen atoms are white.
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simulations which show that PEG 3000 and PEG 1500 envelope
the PEI chains, shielding the charge, while the PEG 500
exposes most of the PEI on its surface.

Agarose gel electrophoresis assay

The ability of the three distinctive vectors to bind dsDNA was
evaluated by means of agarose gel electrophoresis assay
(Fig. 11a–c). The technique was applied to the polyplexes
formed between VECTOR 500, VECTOR 1500, VECTOR 3000
and dsDNA at different N/P ratios (0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4,
4.5, 5 and 10), in comparison with the naked dsDNA as the
control sample. It can be seen that the VECTOR 500 system
fully binds the dsDNA starting with a N/P ratio of 1.5 by the
disappearance of the DNA band (Fig. 11a), while the polyplexes
of VECTOR 1500 are formed starting from a N/P ratio of 2.5
(Fig. 11b), and those of the VECTOR 3000 system fully bind
dsDNA at a higher N/P value of 3 (Fig. 11c).

The observed electrophoretic trend, indicating that increas-
ing the PEG amount in the vectors leads to the requirement of
higher amounts of vectors in order to form polyplexes, is fully
in line with the zeta potential measurement, which shows
higher positive surface charge for VECTOR 500.

Discussion

In this study we have combined closely modelling and simu-
lation with experimental studies. Instead of using a simplified
model for the vector and the nucleic acids, as is typically done

in in silico studies, we have from the beginning decided to
simulate the entire molecules used in the experiments, both
for the vector and for the nucleic acids, using exactly the same
length and sequence. Although presented as in silico work,
there is an extensive amount of work done in the laboratory to
synthesize and characterize the vectors and polyplexes of the
same sizes as those in the simulation cells. Computationally,
we have mimicked the experimental protocol of formation of
the vectors by using a two step simulation. In the first step, we
generated an equilibrated vector solution. This is of para-
mount importance for the next step, which involves the inter-
action of the vector with dsDNA, to form a polyplex. Clearly
this study is very computing time demanding but it also gives
more direct comparison with experiments and better insight
into the complicated process of formation of polyplexes by fol-
lowing the self-assembly of the b-PEI vectors covered by PEG
polymers of different sizes to protect them as a stealth shield
during the delivery and finally how they package a short
dsDNA (here 25 bp). The main task here was to understand the

Table 2 Experimental values of the zeta potential for each tested
vector

Vector system
Zeta potential
(mV)

Average value
(mV)

Standard
deviation

Vector 500 14.49 14.07 ±0.3007
13.82
13.89

Vector 1500 6.10 6.67 ±0.5436
6.50
7.40

Vector 3000 4.32 5.17 ±0.6110
5.73
5.46

Fig. 11 Electrophoretic mobility of the polyplexes formed by the com-
plexation of dsDNA and VECTORs 500, 1500, and 3000, at different N/P
ratios.

Table 1 Comparison between the number of contacts that occur between water, vector, DNA and polyplex

System
Nr. of contacts water–
vectora

Nr. of contacts between water–
DNA at the starta

Nr. Of contacts between water–
DNA at the endb

Nr. Of contacts between water
and polyplexb

VECTOR
500

35 692 ± 756 22 690 ± 269 18 005 ± 175 54 772 ± 375

VECTOR
1500

50 531 ± 683 22 239 ± 320 18 371 ± 230 63 237 ± 720

VECTOR
3000

63 310 ± 735 22 570 ± 400 18 531 ± 527 76 065 ± 552

a Values are averaged for the first 2 ns o the polyplex formation simulation. b Values are averaged for the last 2 ns of the polyplex formation
simulation.
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interactions and impact of PEG on the b-PEI while binding to
DNA, with the aim to give a criterion to choose the optimal
relative amount of PEG based on its local structural and inter-
action characteristics within the polyplex.

Important insight into the interactions of nucleic acids
with polycationic polymers can already be obtained by using
simple model systems of rather limited sizes compared to
corresponding experimental systems.27,28,53,54 However, con-
sidering that the focus on this study is on the effect of the rela-
tive amount of the “stealth” agent vs. the polycation on the
binding to DNA, and that charge polymer “end effects” are
known to affect the electrostatic interactions, we did limit the
gap between the computational and experimental systems, by
using vector and DNA molecules of the same size in the
“in vitro” and “in silico” experiments. This implied simulating
quite large systems (75 base pairs of DNA + 30 vector mole-
cules + solvent molecules totalling to ∼325k atoms), which
required also large equilibration time, and thus, simulations
in the microsecond time scale. The followed protocol allowed
us to both explain and unify previous computational and
experimental findings on similar and related vectors for gene
delivery. Indeed, the simulations allowed reproducing the poly-
plex formation starting from both multicomponent (several
segments with distinct reactivity included in the same mole-
cule) and multiple (several identical and cooperative molecular
entities able to associate at the supramolecular scale) vectors.
As an approach to realistically model these complex systems,
we did first produce a balanced vector aqueous solution before
inserting the dsDNA molecules into the system. We consider
the first phase necessary, because in the corresponding experi-
ments (i) the synthesized vectors are prone to first spon-
taneously generate compact micelles in aqueous solution
whereafter forming complexes with the added DNA, and (ii)
the amplitude and strength of the interactions between vectors
and DNA are dependent on the initial spatial arrangement of
the vector molecules. During preliminary studies we observed
that if the MD simulations were started from non-equilibrated
extended vectors, which cannot actually stably exist in solu-
tions, strong and excessively stable interactions between b-PEI
and DNA did develop quickly leading to non-realistic and non-
balanced structures. In real experiments this situation cannot
occur, because the vectors are natively equilibrated in aqueous
solution before coming into contact and interact with DNA.
The strategy of performing the simulation in two stages
allowed us to obtain computational results in very good agree-
ment with the experimental observations. Indeed, the zeta-
potential measurements indicate that the surface charge of the
vectors decreases by increasing the relative amount of PEG
(the length of PEG segment) in the vector molecule, in full
accordance with the structure of the aggregate obtained by
simulations. This feature is illustrated in Fig. 12, depicting the
local folding of the tested molecules as gene vectors.

It was previously observed that the PEG length or grafting
density influences the physico-chemical properties, such as
the zeta potential, particle size, and aggregation propensity of
the gene vectors in contact with them, both in vitro and in vivo,

and thereby also their DNA-binding efficiency.43,45,46,55

However, the mechanism of action remained elusive. Our
simulations at the atomistic level that are confirmed by comp-
lementary QM calculations reveal that the formation of hydro-
gen bonds between the protonated nitrogen atoms of b-PEI
and the oxygen atoms of PEG represents the key binding
mechanism between these two components of the vector.

The length of the PEG segment has shown to have an
important effect on the pattern of its interactions with b-PEI.
In the case of VECTOR 500, PEG mostly winds around the
b-PEI side chains, forming occasional single loops which
encompass nitrogen atoms. These interactions appear
especially on the side of the b-PEI bound to FDA2, leaving free
the most part of the molecule surface. The simulation of
VECTOR 1500 showed that extending the PEG length while
keeping the b-PEI length constant leads to a rudimentary
helical local architecture, with PEG forming multiple loops
around an entire side chain of b-PEI, or even around multiple
sidechains. Obviously, the PEG/PEI interactions involve an
extended portion of the b-PEI segment of VECTOR 1500, as
compared to the particular folding of VECTOR 500. In the case
of VECTOR 3000, we observed the formation of a dual architec-
ture, consisting both of winding and coiling of the PEG
segment, which almost cover the entire b-PEI segment. This
fact correlates with the number of available free-N atoms (see
Fig. 4), which clearly indicates that for VECTOR 3000 the
number of free-N atoms is very small. It is important to high-
light how relevant is the length of the b-PEI chains on the poly-
plex conformation, and that simulation with smaller polya-
mines may lead to a less conclusive picture. Indeed,
Meneksedag-Erol et al.29 observed that the binding between
PEG and relatively small polyamines (of up to 7 monomer
units) leads to transient collapsed conformations, while
according to our calculations PEG remained collapsed on
b-PEI for the entire simulations. This is due to the larger mole-
cular mass of b-PEI, both for the synthesized and the simu-
lated vectors, permitting the formation of a considerable
number of hydrogen bonds with the PEG segment, thus stabi-
lizing the collapsed structure.

The results of our simulations are confirmed and validated
by an excellent agreement with the results of laboratory experi-
ments. The atomistic details and interactions that we observed
in the MD simulations explain very well the differences in the

Fig. 12 Typical folding of the studied vectors, as a consequence of the
interactions between their PEG and b-PEI segments. Hydrogen atoms
were omitted. b-PEI is colored in blue, PEG in red, and dialdehyde con-
nector in yellow.
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vector’s zeta-potential. Indeed, the higher surface charge of
the VECTOR 500 when compared to VECTORS 1500 and 3000,
as revealed by the data in Table 2, can be explained by the
localization of the PEG chain in the aggregates, observed in
the MD simulations. In the case of VECTOR 500, PEG forms
an intermediate layer between the squalene core and b-PEI,
placed at the exterior of the assembly (details shown in Fig. 1).
For the other two vectors, the bigger size of the PEG chain
allows winding and coiling around a larger portion of b-PEI,
thus generating a mixed outer layer of both PEG and b-PEI, an
effect being predominant in the case of VECTOR 3000.

The simulation data of the studied polyplexes allow us to
explain the results of gel electrophoresis assays, which indicate
that the length of the PEG moiety plays a crucial role in the
ability of the systems to bind the dsDNA. In fact, the experi-
ments show that when a shorter PEG segment is involved, the
binding of dsDNA occurs at very low N/P ratios. According to
our simulations, VECTOR 500 is able to interact more strongly
with DNA as compared to the larger vectors, mainly because of
the presence of b-PEI in the outer layer. This allows it to estab-
lish multiple hydrogen bonds with DNA and therefore to bind
to it at a very low N/P ratio. For the larger vectors, a complete
binding takes place at a higher N/P ratio, a fact that is well
explained by the simulations, indicating how PEG shields the
b-PEI charges, also acting as a physical distancing barrier
between b-PEI and DNA.

Understanding the shielding phenomenon is important for
the rational design of nucleic acids vectors, which require an
adequate balancing between the reasonable N/P ratio and the
water solubility. Indeed, longer PEG improves water solubility
but also increases the N/P ratio, which in turn leads to a
higher toxicity. Our study highlights that in the case of sophis-
ticated vectors, including multiple and chemically distinctive
building blocks, the process of polyplex formation cannot be
studied by separately modelling the interactions between the
individual vector components and the nucleic acids, because
of the inherent interactions among all building blocks, which
ultimately determine the particular binding mechanism.

Conclusions

Recent advances in computer power have made it possible to
simulate increasingly bigger systems for longer periods of
time. This opens the opportunity to simulate multi-block
complex polymer systems, to understand all the interactions
that take place between their components. In this investigation
we have used large scale simulations to obtain a complete
picture of the interactions that take place between a b-PEI
based non-viral vector and dsDNA. The efficiency of this
system as a non-viral vector and its transfection mechanisms
will be the topic of a forthcoming study. The simulations, com-
bined with the measurements of zeta-potential and gel electro-
phoretic assays, showed that the capability of b-PEIs to bind
dsDNA is greatly influenced by the length of the PEG that is
used as a stealth and biocompatibility agent with no direct

role in DNA binding. Indeed, increasing the length of the PEG
chain leads to an increase in the interactions between PEG
and b-PEI, which in turn hinders DNA binding to the vector.
The interactions between the studied non-viral vector com-
ponents consist of multiple hydrogen bonds that form
between O atoms of PEG and H atoms of the protonated
amine groups of b-PEI. The hydrogen bonds hamper the DNA
binding by two mechanisms: (i) local neutralization of the
charges of the b-PEI by the O atoms, and (ii) steric hindrance,
due to the PEG winding and coiling around the PEI branches,
effectively “burying” the protonated N atoms.

Our simulations demonstrate that equilibrating the vector
solution, with several hundreds of ns long MD, in prior to
adding the DNA leads to the formation of a large network of
interactions between the vector components, which are largely
kept also after the addition of DNA and thus have an impor-
tant role in its binding. The employed two-step simulation
approach mimics the experimental procedure and gives a
better understanding of all the mechanisms having a role in
DNA binding. All the simulations were found in agreement
with the experimental measurements, with the final aggregates
of the vectors obtained in the simulation explaining the zeta
potential results, and the trends observed in DNA binding
matched the trends obtained in the gel electrophoresis experi-
ment. These findings have important implications for the
rational design of non-viral genetic vectors, revealing, at the
molecular level, how the molecular mass of the widely used
stealth agent, PEG, affects the nucleic acid binding to the cat-
ionic polymers.

Materials and methods
Molecular dynamics simulations

The studied vectors have the general structure shown in
Scheme 1 and they are name-coded by the PEG chains mole-
cular weight, in Daltons, and referred here to as VECTOR 500,
VECTOR 1500 and VECTOR 3000. The corresponding number
of repeating PEG units (n) is 11, 31 and 67, respectively. The
starting structures and configurations of the vectors were built
using the Avogadro software.56 Based on their pKa values,

57 the
amine groups of the b-PEI fragment are considered being 50%
protonated, giving a net charge of +10. The simulated DNA
fragment comprises 25 base pairs with the sequence 5′-
CAAGCCCTTAACGAACTTCAACGTA-3′, and was built using the
Ambertools18 software.58 The total charge of the DNA mole-
cule is −48. The parametrization of the vector was performed
using the GAFF2 force field methodology.59 The partial atomic
charges of the vector were calculated using the RESP
scheme.60 The Amber FF14SB DNA.bsc1 force field61 was used
for DNA, and the ionsjc_tip3p62 parameters were used for the
ions. This parametrization protocol was used in our group for
other compounds with good results63,64

To better emulate “real-life” conditions of the complexation
of the vectors with dsDNA, a two-stage simulation protocol was
implemented, with “aggregation” followed by “complexation”.
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Aggregation refers to the production of the vectors by micelli-
zation and complexation to the formation of the polyplexes by
the vectors wrapping around the dsDNA.

In the first stage, we have simulated the aggregation process
(micellization) of the vector itself in an aqueous solution by
randomly distributing 30 vector molecules in a cubic box of
15 nm side length. We then added the water molecules and
enough Cl− ions to electro-neutralize the system. For the short-
est vector (having 11 PEG units), an extended initial confor-
mation was chosen (see Fig. 13A as an example). In the case of
the other two vectors with much longer PEGs (n = 31, and n =
67, respectively), starting from extended polymer confor-
mations is currently unfeasible after largely increasing the size
of the water box and the number of solvent water molecules.
Using the same 15 nm box initially for even the longer vectors
and having their conformations extended would most likely
lead to artefacts caused by the periodic cubic boundaries (for-
mation of trans PBC networks, see Fig. S1 in the ESI†). To
avoid these types of problems we did first immerse one single
long polymer (n = 31, and n = 67, respectively) in a large
enough water box and did simulate it until it spontaneously
collapsed (see Fig. 13B and C) within a 10 ns simulation.
These pre-collapsed conformations were then used in pro-
duction simulations of the aggregation process, following the
same protocol as for the VECTOR 500.

The second stage consisted of the complexation of the pre-
viously modelled vectors and dsDNA to form the polyplexes. In
this respect, we started using the final structures from the
aggregation simulations, removed the water molecules, inserted
randomly three 25 bp dsDNA molecules, and added water mole-
cules and the ions to neutralize the net charge of the entire

system and to simulate the system in physiological salt concen-
tration, i.e. 0.15 M. The three DNA molecules that we added
lead to an N/P ratio of about 5, which is a typical N/P ratio at
which PEI-based vectors start to bind DNA completely. Details
of different simulation compositions are given in Table 3.

All MD simulations were performed with the GROMACS65

software, with a time step of 2.5 fs, using the particle mesh
Ewald (PME)66 to treat the electrostatic interactions. Periodic
boundary conditions (PBC) were used with a cut-off of 10 Å for
the van der Waals interactions, and applying the LINCS algor-
ithm67 to constrain all bonds. Production simulations were
carried out at constant volume and temperature (NVT). For the
temperature control we employed the Nose-Hoover thermostat,
and for pressure in the NPT simulations we used the
Parrinello–Rahman barostat. The simulated temperature was
293 K and the pressure was 1 bar, with the isotropic coupling.
All simulations were visualized with VMD, and the analysis of
the trajectories was performed using the tools in GROMACS
and in-house scripts. The length of the MD trajectories and
other details of the simulations are presented in Table 3.

QM calculations

To bring more insight into the complexing mechanisms we
extracted a snapshot of a small typical sequence (composed of
208 atoms) of a PEG fragment wrapped around a PEI fragment
from the MD trajectories and performed ab initio calculations
using the GAUSSIAN software68 to compute the surface
charges and electrostatic potential (ESP) of the complex. The
sequence shows a stable intermolecular complex PEI and PEG.
The complex was further optimized at the B3LYP 6-31+G(d,p)
level of theory. The optimized equilibrium geometry was also

Fig. 13 The starting conformations of the three vectors used for the aggregation simulations. (A) The extended conformation of VECTOR 500. (B)
and (C) The pre-collapsed conformations of VECTOR 1500 and VECTOR 3000, respectively. The color coding of the polymer atoms is as follows:
cyan, C; red, O; blue, N; white, H.

Table 3 Details of the simulated systems

System Number of waters Number of Na+/Cl− Simulations box size (Å) Total simulation time

30 VECTOR 500 104 855 0/300 148 × 148 × 148 550 ns
30 VECTOR 1500 103 727 0/300 148 × 148 × 148 775 ns
30 VECTOR 3000 101 873 0/300 148 × 148 × 148 900 ns
30 VECTOR 500 + 3 DNA 100 727 314/470 146 × 146 × 146a 1 µs
30 VECTOR 1500 + 3 DNA 99 731 312/468 146 × 146 × 146a 1.2 µs
30 VECTOR 3000 + 3 DNA 97 345 304/460 146 × 146 × 146a 1.2 µs

a The decrease in the box size is due to solvent equilibration.
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checked by frequency calculation and no negative values were
obtained.

Experimental

There are several reasons for the extended Experimental
section below. First, because of the specific simulation
approach to closely mimic the experimental protocols in pro-
ducing the polyplexes from micellized vectors in water solution
we wish to describe the experimental part in details. It helps to
understand the corresponding simulation protocol which is
quite different from other similar in silico studies. The syn-
thesis of the multicomponent system itself (Fig. 13) and the
synthesis pathway (Fig. 14) are very much in the focus through-
out this paper. Finally, since we use the same systems in the
simulation and in the experiments as for the size and physical
conditions as close as possible it is important to include all
the details as we refer to them frequently.

Chemicals

Squalene (from Sigma-Aldrich, Germany, ≥98%), poly-(ethylene-
glycol)-bis(amine) (average MW 544 Da – PEG-544) (from
Broadpharm, >98%), poly-(ethyleneglycol)-bis(amine) (average
MW 1500 Da – PEG-1500) (from Sigma-Aldrich, Germany,
>98%), poly-(ethyleneglycol)-bis(amine) (average MW 3000 Da –

PEG-3000) (from Sigma-Aldrich, Germany, >98%), p-cresol (from
Acros-Organics, >99%), branched polyethylenimine, (average

MW 800 Da – b-PEI-800) (from Sigma-Aldrich, Germany, >99%),
and the DNA sequences 5′-CAAGCCCTTAACGAACTTCAACGTA-3′
were purchased from Metabion AG (Planegg/Steinkirchen,
Germany), diluted to a concentration of 100 μM and used as a
stock solution. All the other reagents were purchased from com-
mercial sources (Sigma-Aldrich, Acros-Organics, Merck, Tokyo
Chemicals Industries, Fluka, etc.) and used without purification.

Nuclear magnetic resonance (NMR) spectra, presented in
the ESI,† were recorded on a Bruker Avance III 400 instrument
operated at 400 and 101 MHz for 1H and 13C nuclei, respect-
ively, at room temperature (24 °C). Chemical shifts were
reported in ppm, and referred to tetramethylsilane (TMS) as
the internal standard. Samples were prepared as usual; briefly,
approximatively 30 mg of completely dried compound were
solubilized into an NMR tube in 0.6 mL deuterated chloroform
(CDCl3). Obtained spectra were edited with MestReNova 6.0.2-
5475, from Mestrelab Research S.L.

Preparation of dsDNA was accomplished according to an
earlier published paper of Vasiliu T. et al.69 Briefly, dsDNA
stock solution was prepared by annealing sense and antisense
DNA strands as follows: 100 µL DNA sense strand, 100 µL DNA
antisense strand, 75 μL 10× TAE at pH = 7.4 (40 mM Tris,
2 mM acetic acid and 1 mM EDTA) and 37.6 μL NaCl 1 M solu-
tions were mixed together, heated at 90 °C and cooled to room
temperature (24 °C) for a 30 minutes period, using a Veriti 96
well Thermal Cycler (from Applied Biosystems, Singapore). A
final volume of 312.6 µL was obtained as dsDNA stock solu-
tion, which was stored at −20 °C, for further experiments.

Fig. 14 Synthesis pathway of the vectors.
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Preparation of the dsDNA sample to correspond the polyplex
simulations

Polyplex formation was conducted according to previously
described protocols,49,51 at pre-calculated N/P ratios (content
of nitrogen ‘N’ from polyethylene imine in vectoring systems,
and the content of phosphate groups ‘P’ of dsDNA). dsDNA
stock solution (1 µg/µL) was mixed with an appropriate
amount of MD solutions at N/P ratios of 0.5, 1, 1.5, 2, 2.5, 3,
3.5, 4, 4.5, 5, and 10, and incubated under ambient conditions
for 30 to 60 minutes to generate vector/dsDNA polyplexes.

Agarose gel retardation assay was applied to electrophoreti-
cally evaluate the formation of the polyplexes between dsDNA
and the investigated vector systems. Both the naked dsDNA and
the obtained polyplexes at different N/P ratios were mixed with
loading buffer (10× TAE buffer, pH 7.4) and sucrose (25%) and
then loaded in a 1% agarose gel. Electrophoresis was carried out
at 90 V, for 60 minutes, in 1× TAE running buffer solution
(40 mM Tris-HCl, 1% glacial acetic acid, 1 mM EDTA). The
migration of free and complexed dsDNA was visualized and
photographed under UV light, using a MiniBIS Pro system from
(DNR Bio-Imaging), after staining with ethidium bromide (15 μL
of 1% ethidium bromide in 300 mL double distilled water) and
incubated for 20 minutes in the dark under ambient conditions.

Zeta potential was evaluated using a DelsaNano C
Submicron Particle Size Analyzer from a Beckman Coulter,
equipped with dual 30 mW laser diodes emitting at 658 nm.
The instrument uses electrophoretic light scattering (ELS) to
measure the ζ-potential, which determined electrophoretic
movement of charged particles under an applied electric field.
The analysis was performed at 25 °C, and the final results rep-
resent an average of three repetitions. Each sample was dis-
persed in ultrapure water to obtain a concentration of 0.5 mg
mL−1, with a final volume of 2 mL. The analysis mode used
the Smoluchowski conversion equation and the measurements
were performed using a Flow Cell module with the following
software settings: accumulation times – 50 (ten accumulations
in five different points), scattering angle – 15°, correlation
method – TD, attenuator 1–0.9%, attenuator 2–5.42%, pinhole
– 50 μm, average current – 0.07 mV, and average electric field –

16.52 V cm−1. The obtained results were processed with Delsa
Nano Software Version 3.73 from Beckman Coulter Inc.

Synthesis of the vectors

The synthesis pathway for the 3 vectors is presented in Fig. 14.
A detailed description of each step is available in the ESI.†

MALDI-TOF analyses

Mass spectra were acquired on a Bruker Rapiflex MALDI-TOF
(Bruker Daltonics, Bremen-GERMANY) equipped with a
Smartbeam 3D laser. FlexControl (Bruker Daltonics, Version
4.0) was used to optimize and acquire data using the following
parameters: positive ion polarity in reflectron mode, mass
scan range (m/z 100–9000), digitizer (5 GHz), detector voltage
(2079 V), 1000 shots per pixel, and 10 kHz laser frequency. The
laser power was set at 60% to 90% of the maximum and 6000

laser shots were accumulated for each spectrum. All samples
were analysed using 2,5-dihydroxybenzoic acid (DHB, Sigma,
Switzerland) or α-cyano-4-hydroxycinnamic acid (CCA, Sigma-
Aldrich, Switzerland) as the matrix.

Matrix preparation. 2,5-Dihydroxybenzoic acid (DHB, MW
154.03 Da), 30 mg was dissolved in a 1 mL mixture of aceto-
nitrile (AN)/dd H2O (2 : 1, v/v) and vortexed one minute until
fully dissolved.

α-Cyano-4-hydroxycinnamic acid (CCA, MW 189.17 Da),
30 mg was dissolved in a 1 mL mixture of acetonitrile (AN)/dd
H2O (2 : 1, v/v) and vortexed one minute until fully dissolved.

Sample preparation. PEG 500 (1 mg) was dissolved in 1 mL
dd H2O.

PEG 1500 (1 mg) was dissolved in 1 mL dd H2O.
PEG 3000 (1 mg) was dissolved in 1 mL dd H2O.
PEI 800 (1 mg) was dissolved in 1 mL dd H2O.
VECTOR 500 (MD1) 1 µL from stock solution (see ESI 5a†)

was dissolved in 100 µL ddH2O.
VECTOR 1500 (MD2) 1 µL from stock solution (see ESI 5b†)

was dissolved in 100 µL ddH2O.
VECTOR 3000 (MD3) 1 µL from stock solution (see ESI 5c†)

was dissolved in 100 µL ddH2O.
Samples were deposited on the MALDI plate as described in

Table S1.†
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