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Abstract

In this work, we used long (for a total of 2.5 ps) “all-atom” molecular dynamics (MD)
simulations to investigate the adsorption behaviors of polyethylenimine (PEI) linear chains
in Bis(2-ethylhexyl) sulfosuccinate sodium salt (or Aerosol-OT, AOT) reverse micelle (RM)
in hexane with a water/AOT molar ratio (W,) = 30. In absence of PEI chains, the RM is
nearly spherical with a micelle radius of ~3.7nm. It takes less than 60 ns for that the PEI
starts to unfold and adsorbs in the RM. After 450 ns, the completely unfolded PEI chains are
localized at the AOT headgroup region with its nitrogen atoms interacting with the
negatively charged headgroup of the AOT. A detailed analysis of the structure of the RM
with the PEI reveals that the presence of the polymer chains does not affect significantly the
size and shape of this RM with large Wo value which remains close to the results obtained
from the MD of the PEI-free RM.

1. Introduction

Colloidal surfactant/polymer mixed systems in both aqueous and non-aqueous solutions
have a key potential usage in industry and medicine [1-5] and have been largely studied by
means of experimental and computational approaches (see for instance, the reviews [6] and
[7] and references cited therein). It is well known that water soluble polyelectrolytes (PEL),
which contain anionic or cationic functional groups can interact with oppositely charged
individual surfactant molecules below the critical micellization concentration (cmc), and
with micelles above the cmc [8,9,10]. Furthermore, PEL can be incorporated into
microemulsion droplets and vesicular systems [11-13]. The incorporated polyelectrolytes
can tune the interfacial surfactant film [13] and transform vesicles into tube-like structures
[14].

In case of water-in-oil microemulsions (reverse micelle, RM) systems with different
types of polymers and surfactants have been also reported [15-18]. For instance, the
incorporation of the cationic PELs poly(diallyldimethylammonium chloride) PDADMAC and
poly(ethyleneimine) (PEI, Figure 1a) into sodium dodecyl sulfate (SDS) and sulfobetaine-
based (SB) RMs have been studied by Lemke and Koetz [18]. They show that RM can be
successfully used for the synthesis of polymer-capped CdS nanoparticles. The effect of



addition of different types of polymers (poly(oxyethyleneglycol - POEG), poly (acrylamide -
PAM), poly (vinyl alcohol - PVA), polybutadiene - PBD, poly (propylene glycol - PPG) to
water-in-oil (w/o) Bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT, Figure 1b) systems
has been studied by Suarez and coworkers [15]. They argued that the adding polymer can
significantly change the droplet size. The influence of poly (oxyethylene) (POE) on the phase
behavior of anionic (AOT) and nonionic (C12Es) surfactant based microemulsions [16]. They
report that the large polymers units form droplet clusters.
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Figure 1: Chemical structures of the molecules simulated in this study. (a) linear
polyéthyleneimine (PEI) with its monomer unit (b) Bis(2-ethylhexyl) sulfosuccinate sodium
salt (AOT) and (c) hexane.

Among the large variety of polycationic polymers, PEI is a one of most efficient delivery
non-viral carriers for gene delivery [19]. The recent developments on design of PEI-
stabilized gold clusters in reverse microemulsions [20] and heterocluster-filament
formation at the w/o interface of AOT microemulsions demonstrate the importance of PEI-
modified soft templates in hierarchical network formation [21,22].

Together with experimental techniques, the computational methods such as molecular
dynamics (MD) simulations using a low (e.g., coarse grained, CG) or high resolution (e.g., all-
atom/atomistic, AA) molecular models have been shown to be informative and useful tools
to investigate such complex systems at the atomic level [23,24] and complement
experimental results.Literature of MD studies using CG or AA models of RM is very
important and several works, in the following reviews [25,26] have examined the effects of
the MD parameters, the size (i.e., Wo (e.g. [27], the force fields [28])and the presence of
confined peptides/proteins (e.g. [29,30]) on structure and stability on the overall RM as well
as the water pool structure and dynamics (e.g. [26,31]). In case of RM with polymer,there
are some MD studies on branched PEI polymer inside of SDS [23] and SB-based [24] reverse
micelles. Discussing the conformational features of branched PEI inside of reverse SDS
micelles, the authors show that the size and shape of sphere-like inverse micelles depends



on incorporated branched PEI [23]. The localization of branched PEI inside of droplet
depends on type of surfactant, that is to say in case of anionic surfactant, PEI is localized at
the headgroup region, where the polymer nitrogen atoms are close to SDS sulfur atoms [23],
while in zwitterionic SB-based micelles, the branched PEI undergoes a conformational
change and finally is located in the center of water droplet [24].

As mentioned earlier, the anionic AOT surfactant is known to form RM assemblies in
various alkanes [32], ionic liquids (see for instance [33] and references cited therein)
solvents and even in absence of water [34]. The RM and confined water structural
properties depend on various experimental parameters and among them the water content
inside the RM interior as a function of the AOT concentration (i.e., the water-to-surfactant
ratio, Wo) [35-37]. The aim of this present work is to provide additional insights into the
interactions of the PEI chains with a model of large AOT RM (Wo=30) in hexane and in
addition to our previous MD done with SDS/SB RMs [23,24], Detailed information about
localization and orientation of PEI and its influence on the RM structure. This MD data will
be important for understanding of the character of electrostatic interactions, as such kind of
polymer-reverse micelle complexes use as a template for nanocrystals formation [23,24].

2. Construction and simulation details

For this work, we used all-atom MD simulations to have detailed information about the
structure and interactions of the PEI chain with the AOT RM. The building of final atomistic
quaternary system containing the AOT/PEI/H20/hexane was done after the construction
and the equilibration of each component separately (i.e., AOT RM (step 1) and the PEI chains
(step 2) in hexane solvent separately). This is detailed in the next paragraphs.

2.1 Step 1 - Construction of the pre-assembled model of Reverse AOT RM. A pre-assembled
atomistic model of the AOT RM with W,=30 was built with a PDB structure of the AOT taken
from our previous work [38,39] using the Packmol package [40] with 150 AOT, Na* ions and
4500 water molecules. Briefly, a water sphere consisting of 4500 water molecules and 150
sodium ions was created. The radius water core was set to 32 A, with an effective volume of
water of ~30A3. 150 AOT molecules, where then around water core with AOT tails pointed
outward. The resulting micelle was minimized via steepest descent algorithm (5000 steps)
and equilibrated at constant temperature (NVT ensemble). The RM was then placed into the
center of a cubic box of 10x10x10nm?3 filled with 2859 hexane taken from a pre-equilibrated
small box of 128 hexane molecules equilibrated at ambient temperature and pressure
conditions. The resulting ternary RM system was then subjected to energy minimization
followed by short simulation under NVT and NPT ensembles at 298K and latmto reach to
desired temperature and density. We applied position restraining (1000kj/mol) to
AOT /water/Na* during the equilibration stages to well equilibrated the hexane around the
RM.



2.2 Step 2 Construction of the Polyethylenimine in hexane. For this work, we simulated 3
linear PEI chains with 100 monomer units each for an overall molecular weight of ~12KDa.
The molecular model of the PEI was built with the Polymer Builder module of CHARMM-GUI
(https://charmm-gui.org/?doc=input/polymer) [41,42]. The chains were then the inserted
in a hexane box of 7.7x7.7x7.7nm? filled with 1700 hexane molecules. The system was also
subjected to energy minimization by steepest descent method and a short NVT simulation
was done after production run of 500ns. As with the RM system, we applied position
restraining (1000kj/mol) to polymer chains during the equilibration stages to well
equilibrate the hexane around the polymer.

2.3 Step 3- Construction of the reverse AOT RM with PEI in hexane. Finally, we put the last
configurations of RM and the PEI chains from the above systems into a box of
12.5x12.5x12.5nm3 filled with 7210 hexane molecules. The PEI polymer chains were placed
manually at 3 nm of the RM surface (i.e., with a center of mass distance between the RM and
PEI of ~6.0 nm). The resulting systems was then subjected to geometric optimization and
small NVT and NPT runs at room temperature with the AOT RM and PEI chains kept fixed
with position restrains (1000kj/mol). This final system was then simulated twice (called
hereafter “Replica”) in the NPT ensemble to be well in the lab conditions during 1000ns each
with different starting conditions to have enough statistics.

2.4 Simulation details. To model the AOT and Na*, we used the “all-atom” CHARMM27 force
field [43] with the simple point of charge (SPC) [44] water model. The PEI chain was
modeled using the CGenFF parameters taken from CHARMM-GUI [41,42]. The Nose-Hoover
[45] and Parrinello-Rahman [46] thermostat and barostat (with tt and tp values of 1.0 and
5.0 ps, respectively) were used to regulate the temperature and pressure, respectively, and
set to 298K and 1 atm. The electrostatic interactions were computed with the particle mesh
Ewald (PME) method [47] with a cutoff of 1.2nm, and the van-der-Waals interactions were
smoothly switched off at 1.0-1.2nm by a force-switching function [48]. The LINCS [49]
algorithm was used to constrain the bonds to their equilibration values. The periodic
boundary conditions were applied in all directions. The timestep was set to 2fs throughout
the production run and the atomic coordinates of the systems saved every 10000 steps
(20ps) for subsequent analysis of the RM and PEI properties. All the simulations and
analysis were carried out using the latest version of GROMACS package with GPU support
[50,51] on our workstations [52] and snapshots prepared with the PyMOL [53] and VMD
[54] programs.

3. Results and discussions
3.1 Pre-assembled AOT RM in hexane. We start our analysis by examining the structural
changes of the RM size and shape without the PEI along the 1000 ns of simulation time. As



previously (for instance in refs. [43] or in [55]) to describe, the overall RM and water core
sizes, we computed their radius of gyration, Ry with the following equation [55].

Rg = % n i((m)z) = %i«nc)% "
i=1

i=1j=1

where nis the number of atoms, njis the distance between atomiandj, andriis the
distance between atomiand the center of mass (C.0.M) of the RM.(...) is the ensemble
average.

In Figure 2, we plotted the time evolution of the Ryfor different regions which characterize
the RM [43], i.e, the water Ry, R§°"""and R;°", by including in the equation 1, only the
water, AOT-water, and only AOT atoms, respectively.
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Figure 2: The time evolution of the radius of gyration including the overall RM, AOT and water

As we can see with this Figure, these three quantities do not show any drifts and are stable
during the simulation time period, indicating that the RM and water core sizes do not vary
during the course of the run and are, on average, equal to 2.49 + 0.01, 2.94 + 0.01 and 3.44 +
0.01nm and respectively. Comparison of the MD results with experiments is often difficult
for RM, since the surfactant concentration in MD is significantly larger (here, 250 mM) than
in experiments (for instance, 0.1 M in ref. [56]) and that we simulated only one aggregate
(and therefore not interactions between aggregates are taken into account). For instance,
the experimental value of radius of gyration obtained from by neutron spin echo and SR-
SAXS [56,57] of AOT RM with W¢=30 in similar solvent (heptane) is found to be ~4.2nm
[56].



The time evolution of the mean distances between RM COM-sulfur and COM-AOT’s terminal
carbon atoms averaged over all AOT molecules were also computed and plotted in Figure
S1. These two distances are also found stable during the courses of the simulations and are
equal to ~3.1 and 3.7nm, respectively. Note that the distances between the C.0.M and sulfurs
AOT-terminals carbons can be considered as similar to as average distance from the RM
outermost waters, i.e.; Ry, and the radius of whole micelle Ry,and not far to the experimental
RM hydrodynamic radius Ry obtained with, for instance, dynamical light scattering (DLS) for
a spherical aggregate as found for our models [58]. From theR,, and R, difference, it is also
possible to have a (rough) estimation of the thickness of the AOT hydrophobic ethylexyl
chains (0.6 nm), This is 2 times lower than the value of the chains in its extended
conformation [43], indicating that they are folded.

The next step of the analysis of the RM structural properties is to examine the overall shape
of the RM using the computation of the three principal moments of inertia, I, I> and I3 and
the eccentricity (ecc) (also called «sphericity») using the equations 2 and 3, respectively
[43]. We approximate the RM as an ellipsoid of uniform density and the moments of inertia,
can obtain three semi-axes lengths, a, band c of the RM with the equation 3[43]:

11 = %MT(aZ + bZ)
I, = ~Mp(a? + c)(2)

5

Iy = %MT(bZ +c?)

ecc=1-— %(3)

WhereM;is the total mass of the RM (including the AOT molecules, water and Na* ions),l,,in
is the smallest value of the moment of inertia (with I; > I, > I3)along all axis and I,,, is the
average of all three moments of inertia. Note that the eccentricity is zero for a perfect
spherical case. The time variation of the eccentricity is shown in Figure 3 with two
snapshots of the RM at the minimum and maximum values of ecc. The micelle shape is found
very stable with ecc value around 0.06 indicating that the RM can be considered, on average,
during the run as a quasi-spherical aggregate. This is confirmed by the close average values
of three semi-axe lengths a, b and ¢ which are equal to 3.53 + 0.01, 3.76 + 0.01 and 4.01 *
0.01 nm, respectively. Note that AOT reverse micelles found to be spherical by covering a
wide range of Wy [59,60].
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Figure 3: Time evolution of the eccentricity of the overall RM. The water and sulfur atoms of
the AOT are shown in red points and yellow CPK spheres. The blue lines at the micelle
surface delimit the alkyl chain of the AOT.RM rendered with the VMD program [54].

Finally, we computed, the translational diffusion Dgry of the RM from the linear fitting of
mean square displacement (MSD) versus time starting from different time points. We
obtained a mean value Drm around ~0.95 + 0.01x107 cm/s, which is close to the
experimental value of ~10-7cm/s [61] for a RM with the same size and in the same solvent.

3.2 Polyethylenimine in hexane. The simulations in this work also provided some insights
into the structure of the PEI chains in hexane. The computed radii of gyration of three chains
and the overall chains of the PEI as a function of the 500 ns simulation time (Figure 4).
Despite large fluctuations in the middle of simulation of the PEI R, no significant structural
changes of the PEI chains are observed during the course of the 500 ns of the MD run. The
R4, computed from the last 100 ns where the Rg fluctuations are reduced is equal to 1.3
0.2nm. Simultaneously, the end-to-end distance (d,.) was also calculated (data not shown)
to monitor the dee/Rg ratio for freely-joint model, introduced by Flory [62]. The analysis of

data shown that the mean d,, /R jratios for the three chains (obtained by averaging all the

chains from last 100ns of production run) are: 2.27 * 0.18; 2.03 + 0.21 and 1.91 + 0.17 and
deviate from ideal chain which should be ~2.45.
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Figure 4. The radii of gyration of PEI depending on simulation time.

Another approach to demonstrate an effective size of polymer is the mean distance from
center of mass of PEI and the nitrogen atoms of the polymer. The corresponding plot is
shown in Figure S2 in SI, with an average value of ~1.95 + 0.02nm. To obtain information of
the shape of polymer, we have also calculated the sizes of folded polymer by determining
the minimum and maximum distances between PEI nitrogen atoms. A visual inspection of
trajectories shows that the folded polymer has nearly ellipsoidal shape with mean values for
the x and y axis of ~4.4 + 0.1nm and 1.2 * 0.1nm. The corresponding snapshot extracted
from last frame of trajectory was shown in Figure S3 in SI.

3.3 Reverse AOT micelle and PEI in hexane. Before to discuss the results, we provide in Figure
5, two illustrative snapshots extracted at t=0 and 1000 ns of the trajectory for the first
replica (see also Figure S4 in SI for last snapshot of the second replica). Other snapshots
(Figure 6) from the first Replica_1 simulation also provides an illustration of the time
evolution of the absorption of the PEI into the RM. From these figures, one can see that the
two replicas give similar results and at first 45 ns of the two runs, the polymer C.0.M
remains far (~6-8nm) from the RM (close to its initial position) and after that time point, the
polymer aggregate starts to come closer to AOT RM. It took approximatively 60 ns for that
polymer starts to unfold and absorbs to RM surface forming a pore inside the AOT. The
polymer chains are completely unfolded a t=100 ns with a large part of the chain residing in
the water core but it needs few hundreds of ns of MD for that the polymer chains migrate to
the RM interfacial region delimited by the AOT headgroup (see Figures 5 and 6). We note
that during the PEI adsorption process, large deformation of the RM occurs (see for instance
snapshot at t=66 ns in Figure 6) but the RM becomes quasi-spherical again after the chain is



permanently located and stabilized in the interfacial region. Similar behavior is observed for
the second replica (not shown).
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Figure 5: The snapshots from starting (a) and ending (1000ns) (b) configurations of reverse
AOT micelle/PEI in hexane for the first replica (see also Figure S4 in the SI for the second
replica). The atoms are represented as follows: AOT sulfur - yellow (vdW), carbon -cyan,
polymer - blue - (tube). The hexane molecules are colored in gray (points). The beginning
and ending monomers of they are colored in red and greens colors respectively using PyMol
[53].
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Figure 6: The snapshots from simulation at different time point indicating the polymer
entering procedure for the first replica. PEI chains are colored in red and greens colors
respectively using PyMOL [53].



To examine the adsorption dynamics of the PEI in the RM, we have firstly calculated the time
evolution of the distance between the RM and polymer C.0.M.s(all atoms of polymer were
included to calculate C.0.M.) for the two runs (Figure S5 in the SI)and the shape parameters
as for the PEI free micelle by not taking into account the polymer chain in the calculation for
the two replicas (Table S1 in the SI).Consistent with Figure S5, we show that PEI
adsorption into RM are similar in the two replicas: at around 50 ns and leads to negligible
increase (around 0.1 nm) of the RM three Ry values (Figure 7) with average values for
thery, RF°T~" andR/°" (computed from the last 100 ns using the same approach as above)
of ~2.53 £ 0.01, 3.20 £ 0.01 and ~3.58 + 0.01nm, respectively.

T ¥ T T T T T
85 | | u
\ - 9
g Mg 7 ,‘,p;,lb;l‘\j""y\_m A , ‘1“)‘« W
% 30 |, l Jv"- o < 0 ~"'., i
o y Mt 4/ A»(~"'*’\.“‘
CK ¥ " 1’4) v._"[ s A o
C - A
'g Ll \f‘ \; AW u
© ,\’U - o/ /2%
S 25¢ ¥k »
= N
S i . )
pe K Replica_1 Replica_2
>3 i
S —— AOT/water ---- AOT/water
o AR ——AOT - AOT 7
/ —— Water ---- Water
i —— PEI ---- PEI
1.5 by |
5 1 1 1 1
0 200 400 600 800 1000

Simulation time, ns
Figure 7: The radius of gyration depending on simulation time obtained for the two replicas.

In addition, we found for the two replicas that the AOT hydrophobic thickness is closely to
the value found in the polymer-free RM (~0.65nm) indicating that the PEI localization does
not affect the folding of the AOT alkyl chain.

In case of the micelle shape parameters, the average three semi-axes lengths and ecc
obtained for the two replicas show a small increase and are equal to 3.60, 3.87 and 4.16 nm
and 0.07, respectively. These values are 2.0 %, 3.0 %, 3.6 % and 10.0 % higher than the
respective values found for the overall PEI free RM indicating a negligible deformation the
RM with the presence of the polymer.

To better visualize of the localization of encapsulated PEI into the RM, we computed mean
radial density profiles along the distance to the RM center-of-mass for the AOT sulfur and
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the nitrogen atoms of PEI after the 600 ns of the run of the two replicas (Figures 8 and S6)
using the equation 4 [43].

1
Ny(r)dr = <Z (Teom — 11) W>

where the sum extends to all the atoms of the component a and (...) is the ensemble average.
The density profiles were computed with respect to the RM center of mass (7,,,, = Onm).

(4)

For AOT sulfurs, we found a peak at about ~3.2nm from micelle center, close to the RM
radius computed above. The RDF curve of PEI nitrogen atoms also exhibits a peak at ~3.0nm
of the RM COM, which is almost the same as the position of the AOT sulfurs indicating that
the PEI monomers reside at the headgroup-water interface at a close distance close contact
to the ATOM sulfur atom. This is also confirmed with the visual inspection of trajectory or
the computed percentage (95%) of PEI monomers that reside at 0.2 nm of the AOT
headgroup. Similar result was reported by us for SDS RM that has a similar headgroup [23]
and contrast with PEI in RM with zwitterionic surfactant [24].
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Figure 8: The RDF of sulfurs and nitrogen atoms from center of mass of micelle. See Figure
S6 in SI

Finally, by tracking the behavior of water molecules, we conclude that almost no water
molecules are flowing to the hexane media during whole simulation run (data not shown),
however, in case of SDS and SB-based micelles a small amount of water molecules are

migrates from interior to oil media [23,24].
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4. Conclusion

In this paper, we carried out microseconds atomistic MD simulations to investigate the
influence of the adsorption of PEI chains in a large model of AOT RM in hexane with Wy of
30. The MD results performed with two replicas obtained from different starting conditions
show that it took approximately 60 ns for that the PEI chains absorb into the RM by forming
a pore in the RM surface. During the adsorption process, the PEI chains unfold and deform
significantly the RM at the beginning of adsorption process. With the encapsulated PEI
chains, the AOT RM size and shape properties are not significantly affected since we
observed a non-significative increase of the micelle size (0.15 nm) and (eccentricity around
0.07). Inside the RM, the PEI chains are unfolded in contrast to in bulk hexane when the
chains form a stable and compact aggregate. Similarly, to other anionic RM system (such as
SDS), the PEI chains reside at the AOT-water interface close to the AOT sulfur atoms.
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