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Theoretical and experimental studies of the polyplex 
formation between nucleic acids and synthetic non-viral 
vectors have received tremendous attention in the last 
years owing to the emerging application of synthetic 
vectors in gene therapy. Molecular dynamics simulation 
is a computational tool useful for understanding the 
structures and functions of biological macromolecules as 
well as their interactions. In our study we report in silico 
simulations and experimental evidences regarding the 
polyplex formation between short double-stranded DNA 
and β-cyclodextrin-based non-viral vector functionalized 
with poly(ethylene imine). The data have shown that the synthetic vector is able to efficiently bind DNA, one molecule being able to 
bind multiple DNA molecules at physiological pH. Theoretical studies have been supported by the experimental evidences of 
polyplex formation by Gel Red staining assay, proving the ability of the non-viral vector to efficiently bind DNA and hint to a 
feasible application in gene therapy.  

 
 

INTRODUCTION* 

The effectiveness of gene therapies depends 
mostly on the properties of the vector used to 
efficiently deliver the genes.1-6 For this reason, the 
development of versatile and highly tunable 
vectors is of vital importance.7 Among the known 
non-viral vectors, cationic polymers are promising 
candidates due to their distinctive advantages over 
other vectors such as the use of molecular and 
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supramolecular design to tailor their properties and 
dimensions, the reproducibility of their properties 
and the simplicity of the complexing/loading.8 The 
most studied cationic polymers for the 
development of non-viral vectors are linear or 
branched poly(ethylene imine) (PEI)5,6 and 
polypeptide-type poly(L-Lysine) (PLL).9,10 As a 
part of non-viral vector, depending on its structure, 
PEI constitutes a high concentration of positively 
charged amine groups, able to electrostatically 
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bind and condensate DNA.11-13 Oligomeric 
polycations structured as branches are most 
efficient and low-toxic because they do not disturb 
the cellular metabolic mechanism.14 Furthermore, 
an important aspect when designing a non-viral 
vector is the overall stiffness of the macromolecule 
and the “articulation points” for the side-chains 
distributed along the main chains. These structural 
characteristics dictate the flexibility of the vector 
and influence its ability to imitate the dynamic 
spatial remodeling of nucleosome15,16 and the 
ordered packing ability.7,17 To unveil the mechanisms 
of the interactions between the DNA and the newly 
designed non-viral vector, molecular dynamic 
(MD) simulations have proven to be an excellent 
tool for the study at the molecular level.18 
Recently, we have reported the optimization of 
polyplex formation between short DNA 
oligonucleotide and branched PEI19 or PLL20 at 
different pH values.  

In this work we report the results of the detailed 
in silico analysis of the interaction between  
β-cyclodextrin functionalized with branched 
poly(ethylene imine) (β-CD-PEG-PEI ),7 as potential 
non-viral vector, and short double stranded DNA 
(dsDNA). Theoretical investigations were supported 
by the experimental gel red exclusion assay, 
performed at different nitrogen/phosphorus ratio 
(N/P ratios), where N represents the content of 
nitrogen in one polymeric unit of PEI and P 
represents content of phosphates within the DNA 
backbone, evidencing the ability of the β-CD-PEG-
PEI to efficiently bind DNA. 

RESULTS AND DISCUSSION 

In silico simulations 

To investigate and determine the interactions 
that occur between the dsDNA and the β-CD-PEG-
PEI at an atomistic level we performed MD 
simulations21 taking into consideration the explicit 
solvent environment. Two scenarios were taken 
into account: (i) a single dsDNA molecule and one 
β-CD-PEG-PEI molecule placed in the same 
simulation box surrounded by water; and (ii) two 
dsDNA molecules and one β-CD-PEG-PEI molecule 
under similar conditions to check the ability of β-CD-
PEG-PEI to bind multiple dsDNA molecules. Fig. 1 
depicts the initial snapshots (t = 0 ns) of the both 
simulation cases. The water and all hydrogen 
atoms were hidden in order to increase the 

visibility of the atomistic structure of the 
molecules. The initial distance between the centers 
of geometry (COG) between one DNA molecule 
(Fig.1A) or two DNA molecules (Fig. 1 B) and  
β-CD-PEG-PEI was set up to 40 Å. This distance 
was selected in order to reduce the time for the 
molecules to come in interaction distance of each 
other thus reducing the number of water molecules 
needed and the computational cost. 

To evaluate the effects induced on the 
conformational changes of dsDNA during its 
compaction by β-CD -PEI conjugate, the polyplex 
1:1 dsDNA/β-CD-PEG-PEI molar ratio was freely 
evolved for 30 ns (after equilibration and 
hydration) (Fig. 2.). A clearly visible dsDNA 
binding around the external edge of the β-CD-
PEG-PEI vector was observed. We could observe 
that the PEI branches of the molecules are attracted 
towards the DNA starting from 0.25ns (Fig. 2 A), 
when one of the PEI branches is moving to the 
dsDNA. As the simulation continues, more PEI 
branches interact with the DNA molecule and after 
30 ns of simulation, 5 branches out of the 6 of the 
β-CD-PEG-PEI carrier are in contact with the 
dsDNA (Fig. 2 D). 

A close visual introspection of the trajectories 
leads to conclude that the conformational changes, 
in both dsDNA and β-CD-PEG-PEI vehicle, 
progressed towards maximization of contacts 
between the positive amino groups and negatively 
charged dsDNA phosphate moieties. It is 
considered that two atoms are in contact if the 
distance between them is less than 4 Å. After only 
5 ns of MD simulation the distance and the number 
of contacts between the two molecules are changed 
(Fig. 3.) As it can be observed the distance 
between the two molecules decreased rapidly (at  
t = 5ns the distance was 25 Å) and then oscillates 
around this value for the rest of the simulation 
(Fig. 3A). Also, the increased number of hydrogen 
bonds between the dsDNA and β-CD-PEG-PEI 
sustain the maximization of contacts, as the driving 
process of complexation (Fig. 3B). The dramatic 
increase of the number of contacts at a given time 
between both molecules at 500 contacts at t = 5ns 
and then increasing slowly over the course of a 
simulation to a maximum of around 700 contacts 
sustain the compaction due to spiraling of DNA 
around β-CD-PEG-PEI . All these results clearly 
indicated the strong affinity of the β-CD-PEG-PEI 
towards the dsDNA in the simulation case of 
polyplex 1:1 (i.e., dsDNA/β-CD-PEG-PEI) molar 
ratio. 
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To evaluate in more detail the complexation 
mechanism, we investigated the interactions 
between one β-CD-PEG-PEI molecule and two 
dsDNA molecules (Fig. 4). Similarly to the first 
simulation case, the PEI branches of β-CD-PEG-
PEI interact instantly with both dsDNA molecules 
already at t = 0.25 ns, when three of the six 

branches forming contacts with both dsDNA 
molecules (Fig. 4 A). As the simulation continues, 
more of the branches come in contact with the 
dsDNA molecules and at t = 25 ns, noting that 
each dsDNA is in contact with 3 PEI branches of 
the β-CD-PEG-PEI vector, while one PEI branch 
remains uncompleted (Fig. 4 D).  

  

 
Fig. 1 – Rendering the initial positions for the dsDNA and β-CD-PEG-PEI molecules at t = 0 ns. A) simulation case with 1 dsDNA 

and 1 β-CD-PEG-PEI and B) simulation case with 2 dsDNA and 1 β-CD-PEG-PEI. 
 

 

 
Fig. 2 – Snapshots of simulation case polyplex 1:1 dsDNA/β-CD-PEG-PEI molar ratio, showing the interactions between one  

β-CD-PEG-PEI and dsDNA molecule at different time intervals: A) t = 0.25 ns; B) t =2.5 ns; C) t = 12.5 ns; D) t = 30 ns. 
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Fig. 3 – Plots as a function of simulation time: A) Evolution over time of the distance between COG of β-CD-PEG-PEI and dsDNA 

and B) Evolution over time of the number of contacts between COG of β-CD-PEG-PEI and dsDNA. 
 

 
Fig. 4 – Snapshots of the simulation case polyplex 1:2 molar ratio of β-CD-PEG-PEI and dsDNA, 
respectively, showing the interactions between one β-CD-PEG-PEI molecule and two dsDNA molecules. 
                  The time intervals are: A) t = 0.25 ns; B) t =2.5 ns; C) t = 12.5 ns; D) t = 25 ns. 

 
Also, in this case (polyplex 1:2), we noticed a 

gradual decrease in the distances between the two 
types of molecules over the simulation time, 
reaching values of 23 Å after 14 ns. It should be 
mentioned that the milder descending trend (14 ns 
as compared with 5 ns for the first case) is due to 
the fact that the DNA molecules attract the β-CD-
PEG-PEI molecule in opposite directions, limiting 
its movements (Fig. 5). The number of contacts 
between the β-CD-PEG-PEI molecule and dsDNA 
molecules touched the upper values of 600 contacts 

each after 10 ns of simulation time (Fig. 5 B). 
Interestingly, three PEI branches in the second 
simulation case reach almost the same number of 
contacts as five PEI branches (700 contacts) in the 
first simulation case. This can be explained by the 
limited surface area of the dsDNA molecule 
available for the interaction with PEI branches. 
Thus, the higher number of cationic groups of the 
three PEI branches was available to come in 
contact with the same DNA surface as compared to 
the five PEI branches in the first simulation case.
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Fig. 5 – Evolution over time of the distance between β-CD-PEG-PEI and each dsDNA molecule (A) and the evolution over time  

of the number of contacts between β-CD-PEG-PEI and each dsDNA molecule (B). 
 

 
Fig. 6 – Evolution of the RMSD of β-CD-PEG-PEI during simulation of  

A) formation of polyplex 1:1 and B) formation of polyplex 1:2. 
 

To evaluate in more detail the complexation 
process, several structural parameters were 
measured during simulations. One of these 
parameters is root mean square displacement 
(RMSD) and is a widely employed parameter for 
the comparison of molecular conformers resulted 
from simulation and a target structure.22,23 Fig. 6 
highlights the mobility of the β-CD-PEG-PEI 
molecule during simulation for both cases (β-CD-
PEG-PEI /dsDNA = 1/1 or 1/2). In both cases the 
initial conformation of the β-CD-PEG-PEI 
molecule at t = 0 was used and compared to the 
conformation throughout molecular dynamic 
simulation. Along the in silico analysis, the 
conformation of the β-CD-PEG-PEI molecule 

changes significantly with RMSD, reaching values 
of 13-14 Å in both simulation cases (Fig. 6 A, B), 
RMSD values greater than 3Å being considered a 
different conformation. These data indicated a  
high β-CD-PEG-PEI molecule conformational 
flexibility, explaining the spontaneous interaction 
of PEI branches with DNA in both simulating 
cases.  

According to interaction and conformational 
descriptors (Figs.3, 5 and 6), it turns out that the 
modeled systems achieved the equilibrium states 
after a simulation time of 15 ns. However, from the 
standpoint of total energy (potential + kinetic) it 
seems that equilibrium was achieved earlier (at 
around 5 ns), see Fig. 7.  
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Fig. 7 – Evolution of the total energy of modeled systems: (A) polyplex 1:1 and (B) polyplex 1:2. 

 

 
Fig. 8 – Variation of the Gel Red fluorescence intensity at different N/P ratios. 

 
Gel Red exclusion assay 

We carried out experimental investigations in 
order to validate the data obtained throughout the in 
silico analysis by performing gel red exclusion 
assay24 of the polyplex formation at different N/P 
ratios. The results are summarized in Fig. 8, showing 
the variation of the fluorescence intensity at different 
N/P ratios. In this experiment the fluorescence 
intensity of the solution with N/P = 0 (corresponding 
to unbound/free dsDNA) was considered 100% and 
each point from the experimental curve represents the 
fluorescence intensity relative to the N/P 0 (unbound 
/free dsDNA).  

The experiment data revealed the general 
tendency for the fluorescence decay, due to the 
exclusion of the dye intercalated into dsDNA, 
indicating that maximum DNA condensation was 
achieved already at an N/P ratio of 10. This study 
clearly provides a quantitative evidence for the 

interaction of β-CD-PEG-PEI with dsDNA, confirm-
ing the theoretical investigations and the potential of 
β-CD-PEG-PEI to be used as a non-viral vector. 

EXPERIMENTAL 

Molecular dynamics 

The in silico analyses of the binding capabilities between 
β-CD and dsDNA were carried out using the YASARA 
Structure software package25. The YASARA software was 
used mainly due to its “AutoSMILES” algorithm that can 
automatically parameterize unknown molecular structures. 
The B-form of the dsDNA was constructed using the Yasara 
software and was comprised of a sense strand 5′-
CAAGCCCTTAACGAACTTCAACGTA-3′ and an anti-
sense strand 5′-TACGTTGAAGTTCGTTAAGGGCTTG-3′. 
The completed macromolecule was made up of 50 nucleotides 
which led to a total charge of -52 in a fully deprotonated state. 
The B-CD-PEG-PEI  was built up from 919 atoms and a 
protonation of 50% was chosen for the N atoms of the 
branched PEI.26,27  
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Table 1 

Quantities of compounds added to the solution in order to obtain the desired N/P ratio 

N/P DNA stock 
(µL) 

β-CD-PEG-PEI 
(µL) 

TAE 10X 
(µL) 

GelRed 
(µL) 

Water 
(µL) 

0 10 0 36 4 50 
2 10 0.55 36 4 49.45 
4 10 1.1 36 4 48.9 
6 10 1.65 36 4 48.35 
8 10 2.2 36 4 47.8 
10 10 2.75 36 4 47.25 
15 10 4.125 36 4 45.875 
20 10 5.5 36 4 44.5 
26 10 7.15 36 4 42.85 
30 10 8.25 36 4 41.75 
40 10 11 36 4 39 
50 10 13.75 36 4 36.25 

 
In both cases the simulation box was set to periodic 

boundary conditions. The applied cell (box) for case 1 was 
rectangular in shape with dimensions of 100 Å * 100 Å * 100 Å, 
containing a total of 100 565 atoms and the applied cell for 
case 2 was rectangular in shape with dimensions of 120 Å * 
120 Å * 80 Å, containing a total of 114 118 atoms. Both cases 
followed the same pre-simulation protocol. The first step of 
this protocol dealt with the cell neutralization, followed by the 
addition of monovalent counterions (Na+ Cl−) attaining a 
mass faction of 0.9%. Next, the system was subjected to 
energy minimization by means of the steepest descent 
algorithm, simulated annealing optimization and a quick 
equilibration via the short molecular dynamics computation  
(2 ps). The resulted conformations were used as the starting 
point for the MD simulation production run. Note that the PEI 
branches were considered half protonated (50%) at pH 7.4. 
Molecular dynamics simulations were performed using the 
self-parameterizing knowledge-based Yasara force field. The 
pressure control over the modeled systems was enabled by 
setting the probe mode for the solvent. In other words, the 
water density was set to 0.997 g·cm–3 in order to simulate a 
constant pressure of P = 1 bar at the temperature equal to  
T = 298 K. Newton's equations of motion (SUVAT) were 
integrated at a time step of 1 fs. Electrostatic interactions were 
modeled using the particle mesh Ewald (PME) method. All 
non-covalent interactions between macromolecules (i.e., van 
der Waals and electrostatic) were computed for a cut-off 
distance set to 12 Å. 

Polyplex formation and gel red essay 

dsDNA stock solution was prepared by annealing sense 
and antisense DNA strands in 1xTAE buffer at pH of 7.4, i.e. 
50 µL DNA sense strand, 50 µL DNA antisense strand,  
37.5 µL 10xTAE (40 mM Tris, 2 mM acetic acid and 1 mM 
EDTA) and 18.8 µL NaCl 1M. Table 1 shows the protocol 
used for the polyplex formation. During the experiment, an 
aliquot of 10× gel red solution was prepared by diluting  
10 000 x Gel Red (Biotium) in ultrapure water. The diluted gel 
red solution (4µl) was then added to each sample solution, and 
the resultant mixtures were incubated at ambient temperature 
in the dark for 30 minutes in cell culture plates from Corning 
(New York, NY, USA). The fluorescence intensity of the 
mixture was measured using a plate reader (EnSight, 
PerkinElmer) at excitation and emission wavelengths of 510 

and 590 nm, respectively. The vectors were formed and tested 
at N/P ratios between 0-50, where N/P=0 (DNA and GelRed) 
is considered as 100% fluorescence intensity. 

 
Materials 

HPLC purified DNA sequences were purchased from 
Metabion AG (Germany), diluted to the concentration of  
100 µM and used as a stock solution. The sense strand was 5′-
CAAGCCCTTAACGAACTTCAACGTA-3′ and the antisense 
strand was 5′-TACGTTGAAGTTCGTTAAGGGCTTG-3′. 
Tris(hydroxymethyl) aminomethane, EDTA, glacial acetic 
acid and sucrose were purchased from Sigma-Aldrich 
(Munich, Germany). Data analysis was done with GraphPad 
Prism version 6.04 for Windows (GraphPad Software, San 
Diego, CA. The β-CD-PEG-PEI was synthesized and 
characterized in a previous work by A. I. Dascalu et al.7  

CONCLUSION 

In summary, we used MD simulations to 
investigate the mechanism of an assembly 
consisting of β-CD functionalized with branched 
PEI to bind small dsDNA. The in silico analysis 
showed that β-CD-PEG-PEI interacts fast and 
strongly with the dsDNA, furthermore, due to the 
flexibility of the PEI branches, MD simulations of 
β-CD-PEG-PEI with multiple dsDNA molecules 
were also investigated. The obtained theoretical 
data on the interaction of β-CD-PEG-PEI with 
dsDNA were further confirmed by experimental 
data obtained from the gel red exclusion assay and 
showed that β-CD-PEG-PEI can fully bind the 
DNA already at a N/P ratio of around 10. All of the 
obtained data suggest a potential for β-CD-PEG-
PEI to be tested as a non-viral vector. Still, more 
research needs to be done in order to test the in 
vitro DNA transfection ability and the cytotoxicity 
of the β-CD-PEG-PEI. 
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