
Molecular Dynamics Simulations Elucidate the Molecular
Organization of Poly(beta-amino ester) Based Polyplexes for siRNA
Delivery
Katharina M. Steinegger, Lars Allmendinger, Sebastian Sturm, Felix Sieber-Schäfer, Adrian P. E. Kromer,
Knut Müller-Caspary, Benjamin Winkeljann, and Olivia M. Merkel*

Cite This: Nano Lett. 2024, 24, 15683−15692 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Cationic polymers are known to efficiently deliver nucleic acids to
target cells by encapsulating the cargo into nanoparticles. However, the molecular
organization of these nanoparticles is often not fully explored. Yet, this information is
crucial to understand complex particle systems and the role influencing factors play
at later stages of drug development. Coarse-grained molecular dynamics (CG-MD)
enables modeling of systems that are the size of real nanoparticles, providing
meaningful insights into molecular interactions between polymers and nucleic acids.
Herein, the particle assembly of variations of an amphiphilic poly(beta-amino ester)
(PBAE) with siRNA was simulated to investigate the influence of factors such as
polymer lipophilicity and buffer conditions on the nanoparticle structure.
Simulations were validated by wet lab methods including nuclear magnetic resonance (NMR) and align well with experimental
findings. Therefore, this work emphasizes that CG-MD simulations can provide underlying explanations of experimentally observed
nanoparticle properties by visualizing the nanoscale structure of polyplexes.
KEYWORDS: Martini 3, RNA interference, polymers, polyplex

Short-interfering ribonucleic acid (siRNA) as a therapeutic
agent successfully entered the pharmaceutical market in

2018, with five FDA-approved products currently available.1 Its
mode of action is downregulation of transcription of disease
driving genes via the mechanism of RNA interference (RNAi)
in the target cells. However, while the demand for nucleic acid
therapies is growing, all presently approved siRNA drugs target
the liver.2−5 A major challenge therefore remains in finding
delivery vectors6 which enable efficient targeting to other
organs and simultaneously avoid early degradation of the RNA.
The five marketed siRNA therapies rely either on lipid

nanoparticles (LNPs) or conjugation to trivalent N-acetylga-
lactosamine (GalNAc) to ensure delivery.1 Besides viral
vectors, alternatives for delivery vehicles include polymers.
Cationic polymers encapsulate the negatively charged RNA
mainly via electrostatic interactions,7 forming so-called poly- or
micelleplexes. Using polymers as delivery vectors provides
certain advantages,8,9 such as broad tunability and good
biodegradability. Therefore, polycations are being investigated
as nonviral vectors for safe and efficient delivery targeting a
wide variety of diseases.10−13 The explored materials cover a
broad chemical space ranging from polyethylenimines
(PEI),14,15 via carbohydrates such as chitosan,16 to more
complex molecular structures such as poly(beta-amino ester)s
(PBAEs).17

PBAEs were first introduced as polycationic vectors for
plasmid DNA in the year 200018 and stand out due to their

almost unlimited adaptability. Owing to a toolbox-like system,
PBAEs allow various combinations of diacrylates for the
backbone and amines as side chains of the molecular
structure.19 The introduction of amphiphilicity by combination
of hydrophilic and hydrophobic side chains within one
polymer was shown to improve colloidal stability.20 Sub-
sequently, amphiphilic PBAEs, containing a varying ratio of
polycationic spermine and lipophilic oleylamine (OA), have
been identified as copolymers that successfully deliver siRNA,
achieving particularly high knockdown efficiencies at low
polymer-to-RNA ratios.21

Understanding the internal organization of self-assembled
polyplexes can help to identify relevant formulation parameters
and to link these to the particles’ physicochemical properties.7

Subsequently, the intracellular behavior of polyplexes can
further be elucidated.22,23 Experimental methods including
transmission electron microscopy (TEM)7,24 or small-angle X-
ray scattering (SAXS)25 have been applied to investigate
particle shapes. Others have exposed the role of the molecular
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weight (MW) of PBAEs by explicitly screening its influence on
knockdown efficiency.26 Meanwhile, molecular dynamics
(MD) simulations have developed into a powerful tool to be
incorporated in the development of drug delivery systems.27−29

Especially with the refinement of coarse-grained (CG) models,
MD allows for simulating systems in the size of real
nanoparticles up to 100 nm at time scales of several
microseconds.30,31

Herein, PBAEs comprising spermine as a polycationic
moiety and OA as a lipophilic component, have been mapped
and parametrized in CG resolution in the Martini 3 force
field.32 The parametrization, based on the mapping (Figure
1A), yielded distributions of bonded interactions in good
agreement with the all-atom (AA) reference (Figure S1A,B).
The herein studied PBAE polyplexes are exposed to an acidic
pH of 5.4 during polyplex formulation, a pH of 7.4 upon
administration, and again acidic pH after cellular internal-
ization in the endosomal compartment.22 According to the pKa
values determined by density functional theory (DFT), all
amines of the polymer were protonated at pH 5.4. At pH 7.4,
only the secondary amines and the tertiary amine of the OA

linkage in the backbone were protonated (Figure 1A). The
remaining amines in the spermine moiety were considered
deprotonated due to neighboring effects of the protonated
secondary amines (Figure S2). PBAE models were generated
for polymers with varying % OA between 10% and 85%.
Initially, a MW of approximately 9 kDa was chosen. To
account for possible influences of the MW, models with 4.5,
27, and 100 kDa were generated additionally. As the behavior
of these models showed no notable differences upon particle
formation in visible outputs and radial distribution functions
(RDF) around RNA phosphates (Figure S3), further
simulations were conducted with the 9 kDa models. Micelle
formation of the amphiphilic polymer (Figure 1B) was
confirmed by TEM imaging (Figure 1C), dynamic light
scattering (DLS) (Figure 1D), and a pyrene assay for the
critical micellar concentration (CMC) (Figure S4), with
decreasing CMCs observed as the % OA increased.
To validate the behavior of the polymer models, setups with

only PBAE in buffer were simulated, and the average
hydrodynamic diameter of micelles was calculated via mean
square deviation (msd). The micelle sizes in simulation were in

Figure 1. PBAE mapping and model validation. (A) Molecular structure and pKa values at 25 °C of the PBAE copolymer with spermine (left) and
oleylamine (right) subunit. Mapping to CG resolution within Martini 3 indicated by spheres. (B) Simulation snapshots of 9 kDa polymers in 10
mM HEPES at pH 5.4, simulated for 2.5 μs. Lipophilic components in gray, charged beads in red. Exemplary coloring corresponds to one polymer
molecule per color. (C) Micelles formed of PBAE 70% OA as visible in TEM imaging. (D) Comparison of hydrodynamic diameters in DLS and
simulation (MD) under low and high ionic strength buffer conditions. DLS results (n = 3) with mean ± SD of main peak below 20 nm by intensity.
MD results are the mean of Dh averaged over the whole box, calculated from mean square deviation (msd) between 1.75 and 2.25 μs of simulated
time.
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good agreement with DLS results (Figure 1D) and followed
the trend of increasing micelle size with increasing % OA of the
polymer. Analysis of TEM images yielded a diameter of 18.8 ±
3.8 nm for the 70% OA polymer in 10 mM HEPES, which is
larger than those of DLS (9.4 ± 2.8 nm) and simulation (10.7
nm). This deviation was attributed to the increased visibility of
larger micelles in the TEM and unclear margins of the single
micelles. Another explanation can be an increased sample
concentration in TEM making the formation of larger polymer
aggregates more favorable, especially considering the high
lipophilicity of the 70% OA polymer.
Previous in vitro experiments with this type of PBAE

copolymer,21 and other PBAE-based studies33 showed a strong
influence of the polymers’ amphiphilicity on knockdown or
transfection efficiency. Hence, the % OA in the polymer was
selected as a factor for an in-depth in silico investigation. Upon
simulation of particle assembly, precursor micelles assembled
within the first μs. Polycationic spermine moieties remained on
the surface and established electrostatic interactions with the
negatively charged phosphate beads of siRNA (Figure 2A).

Over time, this led to the formation of nanoparticles. Unlike
for the micelles, the particle sizes cannot be directly compared
between simulation and experiment, as the simulation box does
not contain enough material to form real sized nanoparticles.
Zhao et al.34 demonstrated in an AA simulation setup the

exclusive interaction of spermines with the major groove of
siRNA. Notably, this exclusivity of interaction was not
reproduced in our model (Figure S5), which could be
attributed to the reduced mobility of the spermines anchored
in the PBAE backbone at GC resolution. Shortcomings of the
Martini 3 force field, including nonideal nonbonded
interactions,35 have been reported. Therefore, detailed small-
scale interactions profit from the application of an AA
simulation, whereas CG-MD is advantageous for large-scale
simulation setups due to the massive reduction of consumed
resources.
The particle morphology was strongly influenced by the

lipophilicity of the copolymer: Low % OA polymers formed

undefined particles with rugged surfaces. Increasing the % OA
led to irregular, “bead-on-a-string”-like particles, as previously
described for other polyplexes.7,24 Only above 70% OA,
compact particles formed (Figure 2A). TEM images (Figure
2B) confirmed a change in particle shape with 55% OA
polymer particles being irregularly shaped and 70% OA
polymer particles appearing condensed. The differences in
particle shape between MD and TEM in the range from 70 to
80% OA might be attributed to the limited time of assembly
during the simulations. The 70% OA, N/P 10 (ratio of PBAE-
amines to RNA phosphates) particle assembly was therefore
extended to 15 μs. However, the particle only slightly
condensed further but did not reach a similarly compacted
shape, as observed in the corresponding TEM images (Figure
S6). As particle assembly in wet lab experiments requires
incubation times in the minute range, the process could be too
slow to be portrayed in simulation to the final state. To
determine if the limited simulation size of the cubic 40 nm box
affects particle assembly, the 70% OA polymer was exemplarily
simulated in a 75 nm box with 99 siRNA molecules (Figure
2C). The RDF around RNA phosphates showed similar
contact levels with amines and water (Figure S7) compared to
those of the smaller setup, validating the use of the 40 nm box
simulations.
The trends in particle shape were attributed to the capability

of different polymers to form larger supramolecular assemblies,
i.e., elongated micellar structures, spheres with RNA
containing pores, or larger micelles in general. With increasing
% OA, the total mass of polymer to achieve the same N/P ratio
increases, as the number of charged spermines within the same
total mass of polymer decreases. In the simulations, this was
quantified as the number of spermines per nm2 of the micelle
core surface (Figure S8). With increasing % OA, the spermine
density on the micelle surface decreased; therefore, the
repulsion between single micelles was reduced. Thus, larger
polymer arrangements formed, and more compacted particle
shapes were accessible.
The N/P ratio is often correlated with the knockdown

efficiency of siRNA polyplexes7 and was shown to be of high
impact for the characteristics of particles formed with the
PBAEs.21 Here, nanoparticles were prepared for polymers with
30%, 55%, and 70% OA at N/P ratios 1−10 and the polymers’
encapsulation efficiencies were assessed. Z-average and PDI
(Figure S9A) confirmed the formation of small (<100 nm) and
monodisperse (PDI < 0.2) nanoparticles for all polymers
within an optimized N/P range. The ζ-potential increased with
increasing N/P ratio from below 0 mV to maximum values
around 20 mV. All formulations benefited from an N/P ratio
where the ζ-potential (Figure S9B) was positive. In contrast, in
the N/P range around charge neutrality, standard deviations
for Z-average and PDI were high due to aggregation tendencies
of the nanoparticles. The PDI was lowest just above charge
neutrality and increased with the addition of more polymer,
arguably due to the formation of excess micelles as a second
species. This indicated an optimal N/P ratio of 5−6 for the
30% and 55% OA polymers, while the 70% OA polymer
formed the smallest and most monodisperse particles at N/P
7−10. This observation corresponds well with the N/P values
at which full encapsulation was reached: Figure 3A shows that
for 30% and 55% OA, full encapsulation was achieved at N/P
≈ 4, with no notable difference between the two polymers. The
more lipophilic polymer (70% OA) reached full encapsulation
at a N/P ratio of around 6.

Figure 2. Influence of polymer lipophilicity on particle morphology
(in 10 mM HEPES, pH 5.4, at N/P 10). (A) Simulation output after
5 μs of particle assembly with increasing lipophilicity, i.e., % OA of the
polymer (10%, 30%, 50%, 70%, and 85% shown) from left to right.
Polymers in gray/red, siRNA in turquoise. (B) Particles formed with
either 55% or 70% OA in TEM. (C) Simulation output of particle
assembly under the same conditions as in (A) for 70% OA but in a
cubic box with 75 nm side length, containing 99 siRNA molecules.
Orange color represents the polymer outside of siRNA containing
particles.
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Subsequently, MD simulations were conducted with the
same polymers at N/P ratios from 1 to 15. The encapsulation
efficiency within the simulations was quantified via the area
under the curve (AUC) of the RDF for the water contacts of
the RNA surface (Figure S10). Figure 3B shows a decrease of
water contacts until N/P 4 is reached for all polymers, which
fully corroborates the experimental results for 30% and 55%
OA. Conversely, the difference of encapsulation efficiency for
the 70% OA polymer between N/P 1−5 was not reproduced.
As observed with the results for particle morphology, this
suggests inaccuracies of the CG-MD approach in the middle to
high % OA range.
It was, however, visible in the simulation output that

particles formed by the hydrophilic polymers (30% and 55%
OA) contained more spermine moieties on the particle surface
at low N/P ratios (Figure 3C, N/P 3 and 5). These spermines

were not in reach of any RNA backbone and therefore did not
contribute to RNA complexation. Instead, they formed a
charged corona on the particle surface. The simulations thus
provide an explanation for the transition from negative to
positive ζ-potential at lower N/P ratios for particles with lower
% OA PBAEs. Again, the observed effect can be attributed to
limited possibilities for the supramolecular arrangement of the
polymer within the smaller micelles.29

Further, the choice of N/P ratio is of high relevance as an
excess of unnecessary excipients can promote side effects.36−38

Figure 3C shows the first appearance of free, excess polymer at
N/P 5 for 30% OA and N/P 7 for 55% and 70% OA. The
amount of free polymer and, from that, the stoichiometry (i.e.,
effective N/P ratio) in MD simulations was quantified for all
polymer models between 10% and 85% OA at N/P 10 in
different buffers (Figure 4A). The trend clearly suggests that

Figure 3. Nanoparticles at different N/P ratios. (A) Encapsulation efficiency experimentally assessed by the SYBR Gold assay, n = 3, shown as
mean ± SD. (B) Area under the curve (AUC) of radial distribution functions (RDF) within 0.6 nm of the RNA surface, indicating the decrease of
water contacts of the RNA with increasing N/P ratios. (C) Simulation output after 5 μs simulated particle assembly with increasing N/P ratios
from left to right, simulated with 30%, 55%, and 70% OA polymers. Excess polymer (outside of RNA containing particles) is shown in orange.
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Figure 4. Simulation validation by NMR. (A) Effective N/P ratio calculated from MD (n = 1) at an input N/P ratio of 10. Simulated for polymers
from 10% to 85% OA in 5% glucose, 10 mM HEPES or 10 mM HEPES + 150 mM NaCl (= HBS). (B) 1H NMR spectra with water suppression
(10 mM PBS, pH 5.4, and 10% D2O/H2O). N/P ratios increase from top to bottom by stepwise addition of 70% OA polymer to the sample.
Signals with the most prominent changes upon titration are marked by boxes. (C) Excerpt of chemical structure of PBAE, signal assignment, and
overlay of 1H NMR spectra of N/P 15 and PBAE only; NMR conditions as described under A. (D) Effective N/P ratio calculated from NMR (n =
3, mean ± SD) in comparison to MD (n = 2, mean).
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the more lipophilic the polymer, the higher the amount
polymer bound per siRNA, leading to higher effective N/P
ratios.
These simulation results were validated by 1H nuclear

magnetic resonance (NMR) spectroscopy. By titration of an
siRNA sample with increasing amounts of PBAE and
measurement of an 1H NMR spectrum after each step, new
signals referring to excess polymer were identified above
certain N/P ratios (Figure 4B). After the addition of the first
PBAE to siRNA, additional signals appeared incrementally.

Assuming that the polyplex signals are not visible due to severe
line broadening resulting from short transverse relaxation times
(T2), these signals were attributed to dangling residues on the
polyplex surface.39 In comparison to the peaks of PBAE only
samples and samples with high N/P, these signals are slightly
shifted toward higher ppm. At high N/P ratios, the most
prominent signals showing a constant increase in intensity
were signals A, B, C, and D (Figure 4B,C). Signals A and B can
be exclusively attributed to the OA40,41 within the polymer
(Figure S11).

Figure 5. Influence of buffer conditions on PBAE polyplexes. (A) Z-average (bars) and PDI (dots) of polyplexes at N/P = 10 in 5% glucose, 10
mM HEPES or 10 mM HEPES + 150 mM NaCl (= 160 mM HBS), all pH 5.4. n = 3, mean ± SD. (B) Last frame of simulated particle assembly (5
μs) in different buffers. (C) Visualization of changes in particle structure after simulation of subsequent pH changes (assembly at pH 5.4 for 5 μs,
equilibration at pH 7.4 for 2 μs, and equilibration back to pH 5.4 for 2 μs). (D) RDF of amines of 50% OA PBAE (top) and water (bottom)
around RNA phosphate beads after initial particle assembly, after pH increase to pH 7.4, and after subsequent reduction of the pH back to 5.4.
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The appearance of the free polymer at high N/P ratios was
confirmed by 2D NOESY experiments. These are based on the
nuclear Overhauser effect (NOE), used to detect spatial
proximity of protons/the chemical exchange of protons in
different chemical environments.42,43 This type of experiment
was performed with samples containing RNA and 70% OA
polymer at N/P = 7 or 15 (Figure S12). First, reference spectra
containing only PBAE were analyzed. Very intense intra-
molecular NOEs are present, mainly originating from the OA
moiety of the polymer. At an N/P ratio of 7, all intramolecular
NOEs nearly collapse or are not visible at all due to the
extreme line broadening. This may be due to either the sole
presence of a giant supramolecular assembly i.e., polyplexes
with low tumbling rates leading to drastically increased
transverse relaxation rates (R2), or transitions between free
and bound states with significantly different chemical shifts in
the slow intermediated exchange regime on the NMR time
scale.44 These findings are in good agreement with the in silico
results, indicating that an N/P ratio around 7 represents a
stoichiometric inflection point in polyplex formation with 70%
OA PBAE. Finally, if a relatively large excess of polymer is
obtained (N/P 15), the NOEs previously present in the
reference spectrum (PBAE only) become visible again.
Both methods (NMR and CG-MD) implied that the

stoichiometry within the particles no longer increased linearly
with the theoretical N/P ratio (Table S1 and Figure S13).
Instead, the effective N/P ratio in 10 mM phosphate buffered
saline (PBS) reached a threshold of about 9 for 70% OA
polyplexes and about 6 for the 30% OA PBAE particles.
The good agreement between NMR results and effective N/

P ratios from the MD simulations (Figure 4D) highlights the
accuracy of the MD model. The strongest deviation between
NMR and MD results was measured in high ionic strength
buffer (150 mM PBS in NMR or 160 mM HEPES buffered
saline (HBS) in MD) at an input N/P ratio of 15. Here, MD
results imply nearly full binding of the 70% OA polymer. This
trend toward higher effective N/P ratios in high ionic strength
buffers was consistent throughout all simulations (Figure 4A).
However, by NMR no significant difference was observed at
N/P = 15 between particles formed in high or low ionic
strength buffer with 70% OA PBAE (Figure 4D).
Notably, concentrations in MD simulations were about

100× higher than in experimental setups, which might have
contributed to the observed deviation between the NMR and
MD results. Additionally, the reaction field (rf) algorithm used
to handle electrostatic interactions in the MD setup comprises
a trade-off with improved computational performance but
reduced accuracy of the simulation, as it uses a coulomb cutoff
beyond which the dielectric constant of the system is treated as
uniform.45 This leads to poorer treatment of long-range
electrostatics in comparison to e.g., the Particle Mesh Ewald
algorithm (PME).46 Still, ionic strength of the medium is
known to often influence colloidal stability and size of
nanoparticles47,48 and will therefore be further discussed
below.
To determine the influence of buffer excipients, particles

were formulated at N/P 10 in three different buffers/solutions
at pH 5.4: 5% glucose, 10 mM HEPES, and 160 mM HBS.
DLS measurements revealed a shift toward larger particles
(Figure 5A) with a higher ζ-potential (Figure S14) at a high
ionic strength of the medium, independent of the lipophilicity
of the used polymer. Although no significant difference
between 5% glucose and 10 mM HEPES concerning size

and ζ-potential was observed, the presence of ions at higher
concentrations (HBS) caused significantly larger particles with
hydrodynamic diameters of above 400 nm. In MD simulation,
visually more compact particles formed (Figure 5B), and, as
discussed above, the effect of ionic strength resulted in higher
effective N/P ratios.
The presence of more ions in the hydrodynamic shell of the

PBAE micelles alters the repulsive forces upon particle
assembly. Reduced colloidal stability and altered particle
shapes are therefore to be expected. Furthermore, surface
charge of nanoparticles is known to alter their interaction in
physiological environments e.g., with proteins in serum.49

Ultimately, this influences cellular uptake and intracellular
trafficking.50−52

When the particle contains functional groups with pKa
values in physiological ranges, pH changes in the surrounding
medium will alter the particle charge and its interactions with
the environment.53 To mimic these changes in the simulation,
pH values of 5.4 (formulation), followed by pH 7.4
(administration), and again pH 5.4 (endosome) were applied
via an adjustment of the protonation state of the polymer.31

Increasing the pH to 7.4 caused condensation of the particles
as the decreased charge on the micelle surface allowed for a
rearrangement of the micelles into larger supramolecular
structures (Figure 5C). These changes reduced the number of
water contacts of the RNA phosphates (Figure 5D) but
increased the number of contacts with amines. In contrast to
CG-MD observations made on lipid-based RNA carriers,31 the
pH increase did not cause expulsion of RNA from the particle.
After the pH was reduced again, the particles rearranged but
primarily maintained their agglomerated shape. However, the
microenvironment around the phosphates restored to the level
as before the pH changes, for both water and amine contacts.
Especially for high % OA particles, the shapes resulting after
the pH changes align better with the TEM images (Figure 2B,
Figure S6) than before. It could therefore be argued that the
pH changes speed up the process of particle condensation,
which is otherwise too slow to simulate a final state. The
readjustment to pH 5.4 was accompanied by a moderate
swelling of the polyplex, which was hypothesized previously to
play a role in endosomal escape.50

With a combinatorial approach of CG-MD simulation and
experimental validation, experimentally observed influences on
the polyplex structure were explained on a molecular level. Our
CG-MD approach did not suggest a pronounced effect of MW
of the polymer for the investigated PBAEs. Instead, lip-
ophilicity of the PBAE was identified to be the main
influencing factor on particle shape, reflected by the charge,
density, and mobility of spermines on the surface of polymeric
micelles. Polyplex morphology may strongly affect cellular
uptake and endosomal escape.54 Hence, the demonstrated
influence of the lipophilicity of the polymer should be carefully
considered when designing amphiphilic PBAEs. Structural
alterations of polyplexes were also observed through changes in
pH and ionic strength of the medium. Furthermore, with CG-
MD and NMR, two methods were introduced to determine
the critical N/Pmax for every % OA. Further increasing the N/P
in the formulation did not significantly increase the
stoichiometry within the particles. PBAEs are a heterogeneous
group of polymers, varying not only in lipophilicity but also, for
example, backbone rigidity or side-chain architecture. Similar
simulation setups could therefore be applied to other PBAE
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structures, allowing for a more extensive comparison of the
polymers.
Future work will have to show how the herein found

differences between polyplexes of varying lipophilicity and
structure are linked to their differing behavior in vitro and in
vivo. A quantitative approach that directly links in silico data to
in vitro data is however a major hurdle, as the simulation of
whole cells, including their active mechanisms and pathways, is
not possible yet.55 Still, future simulations could provide
underlying explanations for differences in biological interaction
(e.g., endosomal escape).23

In this work, despite minor limitations in reproducing
experimental results at high % OA, computational results were
generally consistent with experimental findings. By comparing
experiments with CG-MD simulations, this study clarifies the
molecular organization of PBAE polyplexes and demonstrates
the utility of CG-MD in the development of drug delivery
systems.
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