Modelling the impact of drug-nanocarriers in lipid

membranes

German Pérez-Sanchez," Jodo A. P. Coutinho? and Manuel Melle-Franco?

2CICECO — Aveiro Institute of Materials, Department of Chemistry, University of Aveiro, 3810-

1933 - Aveiro, Portugal

*Corresponding author:
Dr. German Pérez-Sanchez
Researcher at CICECO — Aveiro Institute of Materials, University of Aveiro

gperez@ua.pt



Abstract

A coarse-grain framework for molecular dynamics (CG-MD) simulations based in the
MARTINI force field was developed to tackle interactions between ionic G5 dendrimers and
nonionic Pluronic micelles with diverse amphiphilic characters as drug-loaded nanocarriers in
contact with two biological membranes, the anionic 1-palmitoyl-2-oleoyl-glycero-3-
phosphocholine POPC + 1-palmitoyl-2-oleoyl POPG and the neutral dipalmitoyl
phosphatidylcholine. Simulations showed that drug-nanocarrier stability relies on a delicate
balance of their amphiphilic character and coulombic interactions. Pluronic micelles yielded
lower undesired drug leaks into the water phase compared with the cationic G5 dendrimers,
which either remained attached to Pluronic moieties or between them and the membrane
surface. An interesting feature of Pluronic micelles was their tendency to be disrupted and
absorbed into the membranes. Hydrophilic micelles showed improved drug stability, avoiding
doxorubicin and gemcitabine early drug release. When the Pluronic micelles are disrupted and
absorbed into the charged membrane, the hydrophilic PEO segments were depleted towards the
membrane surface, retaining the drugs within. Overall, the CG-MD framework yields a detailed
molecule-scale picture of the cooperative coulombic and amphiphilic effects, between charged

moieties in contact with membrane surfaces.



1. Introduction

Medical theragnostic combines therapy and diagnosis into tailor-made personalized
treatment. Liquid polymers, metal, mesoporous silica, or carbon-based nanoparticles'?> can be
used as drug nanocarriers for this approach, yet undesired drug leaks® and multi-drug resistance
remain important issues to be addressed.*

Micellar solutions of copolymers exhibit large potential,>® promoting the solubilization of
many, naturally hydrophobic, antitumoral drugs together with the possibility of ad-hoc chemical
functionalizations. This feature has opened the door for targeting specific drugs’ besides being
able to trigger the drug release.® Many researchers focused on micellar solutions of triblock
copolymers, known as Pluronic or Poloxamers,®!? as nanocarriers. These can accommodate
antitumoral drugs either in their micelle cores (PPO) or on the hydrophilic (PEO) micelle coronas.
Besides their biological compatibility, Pluronic micelles exhibit a relatively short storage time in
the blood stream and possess a natural tendency to accumulate in tumorous regions.>'*"13 The
most appropriate Pluronic to be used as drug nanocarriers are F127, P123 or F68, which exhibit
diverse hydrophilic/lipophilic balances (HLB) and can solubilise a wide range of antitumoral drugs
such as doxorubicin (DOX) or gemcitabine (GEM). Further, mixing diverse HLB Pluronic moieties
yields cross-micelles entailing distinct thermodynamic properties that can enhance drug
loading/release capacities.’® In contrast, Xu et al.»> demonstrated that phenyl boric acid-modified
Pluronic F127 mixed with P123-DOX loaded micelles, improved the antitumoral treatment in
breast cancer MCF-7/ADR cells exhibiting improved stability and a high release rate.

The HLB of Pluronic can be controlled by the PEO/PPO ratio and their mutual arrangement
in sequences of PEO-PPO-PEQO (normal) or PPO-PEO-PPO (reverse). The equilibrium of Pluronic
micelles relies on temperature and concentration conditions, the presence of salts or other
copolymers, and ionic surfactants. Furthermore, the possibility of PEO functionalization can yield
micelles for specific drugs.'® These factors generate a unique platform for drug encapsulation
and transport throughout fluids.516-18

Premature drug leaks may yield strong side effects which may produce more damage than
the disease itsef. For instance, an uncontrolled DOX release was found in star-shaped copolymer

micelles,'® where the drug, in the PEO-water micelle surface was, excessively exposed to the



environment. However, after chemical functionalisation, the same micelles were able to retain
DOX closer to their micelle cores, protecting them until release.’® Disclosing interactions between
Pluronic nanocarriers and biological membranes is crucial for improving theragnostic treatment.

Another important issue in chemotherapy is multi-drug resistance (MDR) #2° which relies on
the capacity of tumoral cells to overcome the action of antitumoral drugs. Despite a considerable
effort, most studies on premature drug leaks and MDR issues are modelling studies?! and
trial/error experiments.!? In silico techniques are able to tackle complex scenarios,?? providing
clues to interpret conflicting results!®~*® whilst providing molecular level details onto drug/host
interactions.?>2* Unfortunately, the intrinsic complexity of the problem has resulted in either the
study of specific scenarios or the use of ad-hoc models with limited transferability.?>2°

In this study, a coarse-grain molecular dynamics (CG-MD) computer simulation framework,
based on the transferable MARTINI 2.2 force field (MF22),>22 was developed aiming at
understanding the interplay between drugs and nanocarriers with biological membranes. The
M2FF was selected due to its ability to tackle a great variety of biological systems, from DNA and
big proteins to entire cells and virus envelopes.?>?> We studied two nanocarriers, the cationic G5*
PAMAM dendrimer and two nonionic P123 and F68 Pluronic, and two drugs, the amino
deprotonated DOX* and neutral GEM antitumoral drugs. Two biological phospholipid membranes
were chosen; the anionic 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine POPC + 1-palmitoyl-2-
oleoyl POPG (4-POPC:1-POPG") to model tumoral cell walls and dipalmitoyl phosphatidylcholine
(DPPC), related to the infection of adenocarcinoma human alveolar lung tissue cells. We aimed
to provide a comprehensive analysis of 4-POPC:1-POPG™ and DPPC membranes with cationic G5*

dendrimers and nonionic Pluronic micelles as nanocarriers preloaded with DOX* and GEM.

2. Methodology

2.1. Simulation details and molecular modelling

CG-MD simulations were performed with GROMACS 20233° using the leapfrog algorithm3! to
integrate the equations of motion with a 20 fs time step. The Lennard-Jones (LJ) potential and
the Coulombic term with the potential-shift-verlet modifier and a cut-off radius of 1.2 nm were

used. The long-range electrostatic interactions were computed with the Particle-Mesh-Ewald



(PME).32 Bond stretching was constrained with the LINear Constraint Solver (LINCS).3® The
temperature was fixed to 303K using the velocity-rescaling thermostat3* with a coupling time
constant of tr = 1.0 ps. The pressure was fixed to 1 bar and controlled with the Parrinello-Rahman
barostat3 using a semi-isotropic pressure coupling with a time constant of tp = 24.0 ps.

G5 dendrimer3®, P123 and F68 Pluronic,?” DOX,*® GEM,*® DPPC and 4-POPC:1-POPG and
DPPC* membranes parameterization was taken from literature and can be consulted in Figure
S1. The Packmol* code was used to build the simulation boxes. Periodic boundary conditions in
all directions were used. Simulation snapshots were rendered with the Visual Molecular
Dynamics (VMD) software package.*?

The procedure to build each system was as follows; first, aqueous solutions with the different
nanocarriers in contact with drugs (DOX* or GEM) were run. For instance, two simulation boxes
with an aqueous solution of four G5* dendrimers each, including 20 DOX* or 20 GEM,
respectively, were set. Then, the systems were equilibrated until all drugs were loaded in the G5*
dendrimers. The membranes were built with the insane python code*® and equilibrated with
respect to the expected area per lipid (ApL). The MEMBplugin 1.1** tool available in the VMD
software package?? was used to obtain the ApLs for the DPPC, 55 A2 (+ 1) and 61.5 A2 (+ 1) for
the 4-POPC:1-POPG membranes. These values are in reasonably good agreement with previous,
experimental and computational, values, namely ~ 62 A2 (+ 6)%5%7 for DPPC and ~ 60 A2 (+ 3)%-
48 for 4-POPC:1-POPG'.

The Packmol code was used to set the membrane (DPPC or 4-POPC:1-POPG") at the top of the
simulation box closed to drug-loaded G5* dendrimers, which were previously equilibrated, and
filled with water for the the selected concentrations (see Table S1). A similar procedure was
followed to construct the three Pluronic P123, F68 and 1:1 P123/F68 micellar solutions at 5%wt.
of concentration in water. Each system was equilibrated until their micellar size distributions
matched previous studies.*>! Then, each micellar solution was brought into contact with 20
DOX* or 20 GEM until all drugs were loaded in the micelles or the system equilibrated.
Afterwards, they were brought in contact with the membranes previously built and equilibrated

as described for the G5* dendrimer. A summary of all simulation runs may be found in Table S1.



The simulation protocol, prior production runs, comprised an initial energy minimization,
with the steepest descent algorithm, followed by successive 20 ns NVT and NpT equilibrations to
set the proper temperature and density, respectively. The equilibrium was assessed on each step
by ensuring that the temperature and density attained the equilibrium besides a visual inspection
of the simulation snapshots prior the NpT production runs simulated along 8000ns.

Simulation trajectories were used to analyse solvent accessible surface areas (SASA),
obtained with the gmx sasa GROMACS tool, to investigate the hydration/dehydration of different
moieties along the simulation. Radial distribution functions were also obtained, with the gmx rdf
GROMACS tool, to provide a quantitative perspective of contacts between membranes and
nanocarriers whilst drug load/release capacities. The gmx mindist GROMACS tool was used to
evaluate the number of drug-water, drug-membrane, and drug-carrier contacts to offer a
qualitative comparison of the released drugs and whether these are in the membrane or in the

water phase over time.

3. Results and Discussion

3.1. Dipalmitoyl phosphatidylcholine DPPC membrane

Figure 1 shows the final configuration for the nanocarriers solutions loaded with DOX* and
GEM in contact with the DPPC membrane. Figures 1a and 1b display the solution with four G5*
dendrimers loaded with DOX* and GEM, respectively. Despite the G5* dendrimers reached the
membrane in both solutions, only the G5*/DOX* system released and transferred drugs, if few,
into the membrane surface. Conversely, in the G5*/GEM solution, GEM was partially released to
the water phase instead as shown in Figure 1b. Since DPPC is uncharged, only dispersion
interaction forces come into a play when G5* dendrimers reach the membrane. Since GEM is
more hydrophilic than DOX*, GEM transference into the membrane was found to be difficult, in
line with experimental observations.>? Figure 2 shows the number of contacts between the drugs
and nanocarriers (purple), the DPPC surface (red) and water molecules (blue) for the first 500 ns
of simulation time. DOX* was found to decrease the contact with water and slightly augment the
contact with G5 dendrimers. Contacts with the membrane surface remained stable and values

well below those with G5* dendrimers and water molecules, meaning a poor DOX"* release into



the membrane, were found. For G5* loaded GEM, GEM contacts with G5, membrane or water
remained stable (linear trend) during the first 300 ns, but a slight increase of contacts between
GEM and water and GEM with the membrane surface whilst losing contacts with G5* (decay of
the purple line). This suggests that some GEM were released to the water phase, reaching, some
of them, the membrane surface (slight slope increase in the red line in the last 100 ns), Figure 2b,
thus depicting a scenario similar to the simulation of Figure 1b. The number of contacts along
8000 ns of simulation indicates that both systems remained in equilibrium, Figure S2.

Figures 1c and 1d illustrate the behaviour of P123 micelles in contact with DPPC when are
loaded with DOX* and GEM, respectively. P123 micelles mostly retained all DOX* close to their
PPO hydrophobic cores, Figure 1c, as also corroborated by the decrease of contacts between
DOX* and P123 micelles and water as can be seen in Figure 2c. Meanwhile, DOX* contacts with
the DPPC membrane surface increased, indicating an absorption of DOX* into the membrane
surface. This could be because one of the P123 micelles was disrupted and P123 moieties were
absorbed into the membrane. In this process, some DOX* were released into the membrane
surface, yet most of P123/DOX* micelles remained in the aqueous solution. Conversely, Figure 1d
shows that P123/GEM micelles were quickly dissolved and P123 moieties were absorbed by the
membrane, with most of GEM attached to the P123 PEO segments, thus, being retained close to
the membrane surface. This can be also seen in Figure 2d where GEM contacts with P123 rapidly
decreased whereas augmented with water. However, hydrophilic interactions between GEM and
PEO groups of P123 prevented GEM from being absorbed into the membrane surface as can be
seen in Figure 1d and conveyed by the linear trend of GEM and membrane surface contacts
variation (red line) along the simulation. Figure S2 highlights this fact since the number of GEM
contacts with water stedealy increased up to 1500 ns, where it reached equilibrium.

Figure 1e displays the hydrophilic F68 micelles loaded with DOX* which were mainly located
between F68 micelles and the surface of the membrane. Interestingly, one of the F68 micelles
was disrupted and F68 moieties were absorbed as observed in the P123 solution (Figure 1c).
Figure 2e shows that during the first 100 ns, the number of DOX* contacts with F68 and water
decreased whereas the number of DOX* contacts with the DPPC membrane surface (red line)

increased. Above 500 ns, the number of contacts reached equilibrium, as shown in Figure S2. A



different picture emerged when F68 micelles were loaded with GEM which remained attached
to the PPO of the micelle cores. One of the F68 micelles was disrupted but the released GEM was
retained by the remained F68 micelles but not linked to the membrane surface as happened in
F68/DOX* (Figure 1f). Figure 2f confirms this behaviour with a slight decrease of contacts
between GEM and F68 and an increase with water during the first 50 ns. GEM contacts with DPPC
membrane were very low and constant as shown in the results of the simulation snapshot of
Figure 1f. The contacts remained in equilibrium along 8000 ns of simulation time, Figure S2.

Figures 1g and 1h show P123/F68 mixed micelles with loaded DOX* and GEM, respectively.
Figure 1g shows that most of DOX* remained attached to the P123/F68 mixed micelles though
one of them was disrupted and absorbed by the membrane retaining all DOX* within and
facilitating their contact with the membrane. Figure 2g displays a slight increase of DOX* contacts
with the DPPC membrane along the first 300 ns of simulation time while barely decreasing with
P123/F68 micelles and slightly more noticeable was the decrease with water. Figure 1h displays
the solution with GEM, indicating an intermediate behaviour between the P123 and F68 micellar
solutions where one of the P123/F68 micelles was dissolved and absorbed into the membrane
(as in Figures 1d and 1f). Nevertheless, the solution with P123/F68 mixed micelles retained some
GEM within and close to the membrane surface, conversely to what found with pure F68 micelles
(Figure 1f). Figure 2h supports this, showing a noticeable number of contacts between GEM and
the DPPC membrane which is due to the initial close contacts between P123/F68 loaded micelles
and the membrane, since no GEM release was observed. Those contacts rapidly decreased during
the first 300 ns, remaining stable afterwards, with similar values for the contacts between GEM
and the membrane, the P123/F68 micelles and water molecules. The number of contacts
between GEM and P123/F68 barely changed (purple line), denoting that GEM was not released
and remained stable, as also shown in Figure S2 where the number of all contacts remained in
equilibrium above 500 ns.

Videos of all the solutions from different perspectives of the final configurations can be
found in the SI section (MS1). These show DPPC membrane headgroups (to highlight the
membrane surface), drugs, counterions and nanocarriers for a clearer view aiming to highlight

the interactions between nanocarriers, drugs and membranes.
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Figure 1. Simulation snapshots after 8000 ns of simulation time for the selected nanocarriers preloaded with
DOX* or GEM in contact with the DPPC membrane. a) G5*/DOX", b) G5*/GEM, c) P123/DOX*, d) P123/GEM, e)
F68/DOX*, f) F68/GEM, g) P123-F68/DOX" and h) P123-F68/GEM. The colour code is as follows; G5 dendrimers in
purple, DOX* (left) and GEM (right) in yellow, PPO Pluronic groups in black and blue for P123 and F68 micelles,
respectively whereas PEO groups are coloured in orange and red for P123 and F68 micelles, respectively. DPPC
molecules are depicted as small blue and purple dots. Chlorides were coloured in green whereas water was removed
for clarity.
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Figure 2. Number of contacts for the first 500 ns between drugs and their nanocarriers (purple), drugs and
water (blue) besides DPPC membrane surface and drugs (red) for the DPPC membrane with a) G5*/DOX", b)

G5/GEM, c) P123/DOX", d) P123/GEM, e) F68/DOX", f) F68/GEM, g) P123-F68/DOX* and h) P123-F68/GEM.
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3.2. 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine 4-POPC + 1-palmitoyl-2-oleoyl POPG
membrane

Figures 3a-h display the final simulation snapshots for DOX* and GEM-loaded nanocarriers
in contact with anionic 4-POPC:1-POPG" membrane. Figure 3a highlights a noticeable folded
assembly of the membrane likely due to the increased number of charged species. In contrast
with the neutral DPPC membrane —despite possessing charged headgroups, they are counter-
balanced exhibiting zero net charge— the 4-POPC:1-POPG™ membrane surface is constituted by
two distinctive phospholipid headgroups: a bulkier phosphatidylcholine (PC) and an anionic
phosphatidylglycerol (PG’) group. In aqueous solution, 4-POPC:1-POPG" membranes exhibit
flattened structures.>® However the membrane can bend and fold when charged species are
present as observed in experimental and theoretical studies. Therefore, the increased
interactions of ionic species with the 4-POPC:1-POPG" membrane surface can yield more
energetically favourable curved structures.

Confirming this, the cationic character of G5* dendrimers promoted highly corrugated
structures as shown in Figures 3a and 3b. Figure 3a indicates that some DOX* were released and
attached to the membrane surface whereas others were still enclosed to G5* dendrimers. A more
guantitative picture is provided in Figure 4 displaying the number of contacts, as previously done
for the DPPC membrane (Figure 3). Figure 4a shows how DOX' lost contacts with water
meanwhile they were slightly increased with the 4-POPC:1-POPG" membrane surface (red line),
denoting a modest drug release into the membrane surface corroborated by the linear pattern
of the number of contacts between DOX* and G5*. Figure 3b shows a similar scenario but GEM
was dissolved as shown with the topmost GEM contacts shown in Figure 4b (blue line). Figure 4b
also confirms that the number of contacts barely changed in the first 500 ns and above, and
remained mostly stable along 8000 ns as can be seen in Figure S3.

Figures 3c and 3d illustrate the behaviour of P123 micelles loaded with DOX* and GEM,
respectively. Figure 3c shows that practically all P123/DOX* micelles were disrupted and released
DOX* were arranged in some regions of the membrane surface, promoting bent structures —
though less prominent than with G5* dendrimers. Only one P123 micelle survived and was linked

to the membrane surface, retaining some DOX* within. Figure 4c exhibits a clear decrease of DOX*
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contacts with P123 and water whereas increased with the membrane surface (red line). Above
500 ns, the number of contacts remained stable, pointing out that the equilibrium was attained
as also shown in Figure S3. A different scenario was observed in the P123/GEM solution (Figure
3d) where the 4-POPC:1-POPG- membrane preserved its original flattened structure, likely due
to the presence of less ionic species, but all micelles were dissolved and P123 moieties absorbed
into the membrane. Released GEM remained in the water phase and some close to the
membrane surface as noticed by the slight increase in the number of GEM-water and GEM-
membrane contacts (Figure 4d) whereas GEM-P123 contacts drastically decreased. Figure S3
indicates that the number of contacts reached the equilibrium above 500 ns. Figure 3d displays
how GEM formed small clusters instead of remaining linked to PEO P123 segments as occurred
with the DPPC membrane (Figure 1d). This could be due to the presence of Na* cations that were
arranged around the anionic PG headgroups of the membrane surface. In fact, Na* species could
screen the interactions between PEO and GEM as also observed with the DPPC membrane.
Figures 3e and 3f show a total dissolution of F68 micelles loaded with both, DOX* and GEM,
respectively. After micelle disruption, absorbed F68 moieties were arranged with all PEO groups
facing the water phase and retaining the released DOX* close to the membrane surface. Figure
4e shows an important decrease of DOX* contacts with F68 micelles and water meanwhile are
increased with the membrane surface (red line) in the first 100 ns. In contrast to the other
systemes, this solution required 1500 ns to reach the equilibrium as noticed by the stable number
of contacts shown in Figure S3. Conversely to G5* dendrimers and P123 micelles solutions, the 4-
POPC:1-POPG" membrane was barely distorted in the presence of F68, pointing towards more
stable structures. F68 micelles loaded with GEM (Figure 3f) displayed the same behaviour as P123
micelles, yielding a stable and flat 4-POPC:1-POPG  membrane structure with all of the initial F68
micelles disrupted and moieties absorbed into the membrane. Released GEM can be mainly
found in the water phase as can be seen in Figure 4f with the increased number of GEM-water
contacts (blue line) whereas a decrease in GEM-F68 contacts being GEM-membrane ones
maintained, at least during the first 200 ns. Notably, those contacts were decreased afterwards,

likely because of the formation of small GEM clusters as shown in Figure 3f. This solution also
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required at least 1500 ns to reach the equilibrium (Figure S3) as also observed with the F68/DOX*
micelles.

Conversely, P123/F68 mixed micelles loaded with DOX* and GEM promoted strongly bent
membrane structures as illustrated in Figures 3g and 3h. Nevertheless, mixed micelles were less
prone to be disrupted, conversely to what was observed in P123 and F68 solutions. In the case
of P123/F68 loaded with DOX*, only two of the original micelles were dissolved whereas the other
two remained intact and they were located close to the membrane surface with DOX* closely
linked between the membrane surface and the linked micelles as can be noticed in Figure 3g.
This complex scenario can be rationalized by the number of contacts displayed in Figures 4g and
4h denoting similar trends between drugs-P123/F68 micelles and membrane-water. In fact,
Figure 4g illustrates a quick increase of DOX* contacts with the membrane (red line) while slightly
decreasing with P123/F68 micelles and water molecules. This trend could be caused by the close
connection between the P123/F68 micelles and the highly corrugated 4-POPC:1-POPG
membrane as illustrated in Figure 3g. This solution seems to be stable above 200 ns, as also

shown in Figure S3.
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Figure 3. Simulation snapshots after 8000 ns of simulation time for the selected nanocarriers preloaded with
DOX* or GEM in contact with the 4-POPC:1-POPG" membrane. a) G5*/DOX*, b) G5*/GEM, c) P123/DOX", d)

P123/GEM, e) F68/DOX", f) F68/GEM, g) P123-F68/DOX* and h) P123-F68/GEM. The colour code is the same as in
Figure 1 with 4-POPC:1POPG molecules depicted as small blue and purple dots. Chlorides and sodium were coloured
in small green and red dots, respectively whilst water was removed for clarity.

Figure 3h shows a similar scenario but only one P123/F68 micelle survived, and it was
arranged close to the membrane surface (still loaded with GEM) whereas the other three micelles
were dissolved with GEM released and yielding some small clusters in the water phase as also
observed in the P123 and F68 micellar solutions. The profiles in Figure 4h suggests an analogous
situation with DOX*, with a quick increase (first 100 ns) of GEM contacts because of the highly
corrugated 4-POPC:1-POPG" structure. Figure S3 shows that the system was stabilised above 800
ns. When mixed P123/F68 micelles are compared with P123 and F68 ones, simulation results

(Figure 4) indicate a drop in drug release into the membrane surface when compared with the
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Figure 4. Number of contacts for the first 500 ns between drugs and their nanocarriers (purple), drugs and
water (blue) besides 4-POPC:1-POPG" membrane surface and drugs (red) for the 4-POPC:1-POPG™ membrane with a)
G5*/DOX", b) G5/GEM, c) P123/DOX", d) P123/GEM, e) F68/DOX", f) F68/GEM, g) P123-F68/DOX" and h) P123-
F68/GEM.

3.3. A close perspective of drug arrangement

Figure 5 displays the radial distribution functions (RDF) of drugs and phospholipid head
groups of the membrane surface. Figure 5a shows the RDF between DOX' and the
phosphatidylcholine (PC) head groups of the DPPC membrane overall nanocarrier solutions. A
comparison of the RDFs reveals where the released drugs were arranged along the simulation.
The relatively hydrophilic F68 micelles allowed more DOX* (blue line) to stay in contact with the
membrane surface, followed by P123, P123/F68 and G5* dendrimer solutions. This is confirmed
by the visual analysis of the simulation snapshots (Figure 1). DOX* formed small clusters over the
DPPC membrane surface in the solution with F68 micelles. Conversely, the solutions with G5*
dendrimers or P123/F68 micelles, DOX* was mainly retained, although a few of them were
released into the water phase. This trend was inverted when GEM is considered (Figure 5b). P123
micelles noticeably released more GEM in the membrane surface than G5*, P123/F68 and F68,
respectively (as also found in the final configurations Figure 1d). The P123 micelles were all
disrupted, and moieties absorbed into the membrane while retaining all GEM linked to the P123
PEO segments which protrude from the membrane surface. Figure 5b also indicates that
P123/F68 micelles barely released GEM, which could be caused by the dissolution of one of the
micelles (Figure 1h), whereas hydrophilic F68 micelles practically retained all GEM within as

shown in Figure 1f.
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Figure 5. Radial distribution functions (RDF) between DOX" (left) and GEM (right) with phosphatidylcholine (PC) head
groups of the DPPC (a and b) and PG™ head groups of the 4-POPC:1-POPG" membrane surface (c and d).

Figures 5¢ and 5d compare the RDF between DOX* and the PC and the PG head groups of
the 4-POPC:1-POPG™ membrane. Figure 5c exhibits a similar trend as the DPPC membrane but
slightly higher intensities overall nanocarriers, indicating increased contacts of DOX* with the
membrane surface. A quick F68 micelle disruption yielded F68 moieties being absorbed into the
membrane retaining DOX* within, as observed in the simulation snapshot (Figure 3e). P123
micelles also released practically all DOX* but not all micelles were disrupted, with one of them
retaining some DOX* within the micelle core. P123/F68 micelles and G5* dendrimers showed a
similar DOX* release though the behaviour of both nanocarriers was different. The G5*
dendrimers were not dissolved and absorbed into the membrane as occurred with the P123,
however, the similarities observed in the RDFs arise from structural deformations of the 4-
POPC:1-POPG membrane, noticeable corrugated in the solution with G5* dendrimers due to the
increased number of charged species in the solution.

The anionic character of the 4-POPC:1-POPG™ membrane surface yielded a different DOX*
release when compared with the solution in contact with the neutral DPPC membrane. Attractive

coulombic interactions between cationic G5* dendrimers and anionic PG groups of the 4-POPC:1-
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POPG  membrane promoted their contact, yielding a greater structural change in the membrane,
Figures 1a and 3a. The P123/F68 solution barely released DOX* where micelles remained intact,
and DOX* was kept inside their cores. The presence of ionic species could be behind the structural
changes in the membrane as occurred in the solutions with G5* dendrimers and P123 micelles
but less noticeable as shown in Figures 3a, 3c and 3g.

A different picture was observed with GEM, for which the relatively hydrophobic P123 and
P123/F68 micelles increased GEM release compared with the hydrophilic F68 and G5*
nanocarriers, exhibiting both the highest RDF intensity peaks (Figure 5d). Inversely, GEM release
from F68 was less prominent despite all micelles being dissolved and absorbed in the membrane.
Released GEM formed some small clusters, but they seem weakly linked to the membrane
surface compared with other solutions, conveyed by the lowest RDF intensity peak (Figure 5d).
The counter ions played an important role since their arrangement and concentration impact the
membrane structure and interactions with drugs and nanocarriers. Figure S4 displays the RDF of
CI- with respect to PC headgroups of the DPPC membrane for all nanocarriers loaded with DOX".
The G5* dendrimer loaded with GEM was also considered due to the cationic character of G5*.
The RDFs in Figure S4 show a noticeable presence of Cl" close to the DPPC surface in the solutions
with F68 and P123 micelles but diminished in the P123/F68 and G5*. This resembles the RDF
intensity peak trend shown in Figure 5a where DOX®, located in the DPPC surface, follows F68 >
P123 > P123/F68 > G5*. Figure S4 highlights the role of coulombic interactions between Cl  and
DOX*, directing the distribution of the counterions. In fact, Cl- was placed closer to the DPPC
membrane surface in the solution with G5* dendrimers loaded with GEM. Since GEM is neutral,
Cl" can freely move in the solution and be arranged closer to the membrane as indicated by the
higher RDF (Figure 5b). The 4-POPC:1-POPG™ membranes usually form flattened or slightly bent
structures in aqueous solution. Figure S5a shows the DPPC membrane in solution under the same
conditions as the systems with the nanocarriers. This membrane retained the original flat
structure after 8000 ns. However, our 4-POPC:1-POPG" membrane exhibited some curvature as
can be seen in Figure S5bh.

Charged membranes, as 4-POPC:1-POPG’, possess an increased rigidity when compared

with neutral ones such as the DPPC. However, the presence of ionic species, Na* and CI, in
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solution that counterbalances the anionic PG headgroups and cationic species (G5*),
respectively, can yield destabilisation and/or bent structures. Faizi et al.>* compared experiments
and theory to characterise the rigidity and bending properties of 4-POPC: 1-POPG™ membranes,
claiming that the rigidity of the membrane surface is reduced by the presence of monovalent
ions in solution due to the electrostatic screening when Na* sits close to the PG™ groups of the
membrane surface. Further, they suggested that theoretical models may overestimate the
bending rigidity at intermediate fractions of the charged lipid (our 4-POPC: 1-POPG" membrane)
in the absence of NaCl. Besides the coulombic nature of the membrane surface, Dickey and
Faller> argued that the size of the phosphatidyl-based headgroups can impact the structure of
the membrane surface but the stability of the membrane relies more on Na* location at the
membrane surface. To shed light on the role of Na* arrangement at the surface of the 4-POPC: 1-
POPG  membrane, the RDF between CI and Na* with PC and PG™ groups of the 4-POPC:1-POPG"

membrane surface were displayed in Figure 6.
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Figure 6. Radial distribution functions (RDF) averaged over 8000 ns of simulation for CIand Na* ions with respect to
the phosphatidylcholine PC and phosphatidylglycerol PG head groups of the 4-POPC:1-POPG" membrane surface
overall nanocarriers loaded with DOX*. The RDF profiles are distributed as follows: a) PC-CI', b) PG-CI;, ¢) PC-Na* and
d) PG-Na*.
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Figures 6a and 6b present the RDF between Cl- and the PC and PG groups of the 4-POPC:1-
POPG™ membrane overall nanocarriers loaded with DOX*. The P123/F68 solution shows slightly
more Cl anions around neutral PC groups as can be seen in Figure 6a. The Cl ions were preferably
arranged around PC groups since the RDF of PG™ groups are almost depleted, denoting that most
Cl ions are in the water phase as displayed in Figure 6b. Figures 6¢c and 6d show the distribution
of Na* between PC and PG™ groups, respectively, exhibiting similar trends. The intensity of the
first maximum peak highlights the preference of Na* to arrange in the membrane surface rather
than in water, conversely to Cl" ions (Figures 6a and 6b), with no preference between PC or PG
groups. Figure 6 also shows that CI distribution around PC and PG™ groups in the solution with
G5* dendrimers was like the Pluronic solutions. A low Na* concentration on the membrane
surface was found around both PC and PG groups likely due to an increased number of ClI.
Overall, ClI- tended to stay close to PC groups whereas Na* were distributed equally in both, PC
and PG  groups. This asymmetry in the charge density distribution in the membrane surface could
promote the 4-POPC:1-POPG™ membrane surface curvatures as shown in Figures 3a, 3¢, 3e, and
3g. More details can be consulted in Figure $6 with the RDF between Na* and the PC whilst PG"
groups of the 4-POPC:1-POPG™ membrane overall nanocarrier solutions when loaded with GEM.

Also, the hydration of selected moieties overall solution is discussed in Figure S7.

4. Overall outcomes

For overall nanocarriers in contact with neutral DPPC membranes, the cationic G5*
dendrimers revealed a complicated scenario where DOX* mainly remained in the dendrimer and
only some were released into the membrane surface. DOX* was absorbed into the surface of
both membranes whereas GEM preferred to stay in the water phase forming small clusters in
both systems as shown in Figure S8. For G5" dendrimers loaded with GEM, most of them were
released into the water phase as observed without the nanocarrier. Conversely, Pluronic micelles
seem a better solution if their hydrophilic-lipophilic balance is properly chosen. With DPPC
membrane, F68 micelles exhibited enhanced features for transporting ionic drugs (DOX*) but

they were unable to release GEM. Even when some F68 micelles were dissolved, the GEM

20



molecules were quickly captured by surrounding micelles, preventing them to remain in the
aqueous medium as happens without nanocarriers as shown in Figure S8b. This is a good feature
to avoid early drug leaks until a drug-release mechanism is triggered when reaching the target.
P123 was more convenient for releasing GEM since all P123 micelles were dissolved and GEM
molecules were kept close to the membrane surface due to GEM-PEO interactions. Despite all
P123 micelles were disrupted and GEM were released, the absorbed P123 moieties were
arranged inside the membrane but PEO segments facing the water face, gathering the previous
released GEM and maintaining them close to the membrane surface rather than in water as
happened when micelles are not present (Figure S8b).

In contact with the anionic 4-POPC:1-POPG  membrane surface, G5* dendrimers loaded with
cationic DOX* and neutral GEM vyielded important structural changes in the membrane. Also,
P123 micelles loaded with DOX* generated a significant membrane bent, but retained its original
flattened structure when loaded with GEM. In both solutions, P123 micelles were dissolved and
Pluronic moieties were absorbed into the membrane. However, DOX* molecules were also
incorporated in the membrane surface whereas the more hydrophilic GEM remained in the water
phase, yielding small clusters as also shown when nanocarriers are not present (Figure S8d).

Figure S9 shows how the nanocarriers interact with the DPPC and 4-POPC:1-POPG
membranes when are not loaded with drugs. G5* was linked the membrane surface, being well
surrounded by the CI- counterions. The 4-POPC:1-POPG™ membrane exhibits a slight curvature
due to the increased number of ions in the solution when compared with the neutral DPPC.
However, both membranes maintained the original shape, conversely to the twisted structures
found when both drugs are present. Like solutions loaded with drugs, most of the Pluronic
micelles were disrupted with Pluronic unimers absorbed into the membranes. This was more
noticeable with Pluronic in contact with the anionic 4-POPC:1-POPG- membrane as can be seen
in Figures S9d, S9f, and S9h. Compared with their drug-loaded counterparts, three of the original
P123 micelles were dissolved and absorbed into the DPPC membrane for neat and DOX* loaded
solutions. However, without DOX*, the membrane remained intact whereas in the solution with
DOX*, the DPPC membrane was bent as can be seen in Figure 3c. If one compares Figures S9b

and 3d, in contact with the 4-POPC:1-POPG  membrane, the same scenario was found with and
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without GEM, with all micelles dissolved and moieties absorbed in the membrane. For solutions
with F68, in contact with the DPPC membrane it was observed less micelle disruption when DOX*
is loaded (Figures S9e and 3e) but the same scenario was depicted when F68 micelles are in
contact with the 4-POPC:1-POPG  membrane as can be noticed if one compares Figures S9f and
3f, respectively. P123-F68 solutions also showed some differences when they are loaded with
drugs. Whereas P123-F68 micelle disruption followed a similar pattern, no matter they are
loaded with drugs or not, the solutions with drugs yield twisted membranes (Figures 3g and 3h)
in contrast with the flattened structures found in Figures S9g and S9h. Thereby, the presence of
drugs could also contributes to the destabilisation of the membrane as happens with the
counterions. Overall, the solutions with unloaded nanocarriers displayed more stable
membranes but when they are used to deliver drugs, Pluronic seems less prone to modify the
original structure of the membrane, especially in charged membranes such as 4-POPC:1-POPG.
When considering a proper drug nanocarrier to interact with biological membranes, the
concentration of ionic species has an important role, not only in the structure of the membranes
but also in the stability of the nanocarriers. The presence of Na* and Cl" counterions modify the
hydration properties of amphiphiles, included Pluronic, due to salt-in/out effects. Concretely,
charged species impact the hydration of micelles coronas, even promoting phase transitions and
altering their micellar size distributions. Further, the Pluronic nature has an important impact
since Pluronic unimers exhibited a different behaviour when they are absorbed into DPPC or 4-
POPC:1-POPG" membranes. Considering the solutions shown in Figures 1c-h and 2c-h, the
absorbed Pluronic unimers exhibited a different behaviour with PEO segments facing the water
phase when they were absorbed in DPPC membrane whereas PEO segments were depleted
towards the membrane surface in 4-POPC:1-POPG". A good example is P123 Pluronic loaded with
GEM in contact with DPPC or 4-POPC:1-POPG~ membranes displayed in Figures 1d and 2d,
respectively. The increased ionic concentration required in the 4-POPC:1-POPG" membrane
yielded different hydration of P123 PEO segments. The Na* and Cl counterions were mainly
arranged in the 4-POPC:1-POPG membrane surface, yielding a dehydration of the absorbed P123
unimers which have hydrophobic PPO groups arranged well inside the lipidic core of the

membrane whereas PEO were located at the membrane surface. Recently, a study by Kim et al.>®

22



found that standard values for cutoffs, neighbour list updates, and time intervals in barostat
updates might result in the neglect of pair interactions and unnaturally bent membrane
structures. This is highly relevant for our study and was analysed in detail. First and relevantly,
our reference models, Figure S8 and S9, exhibit flat structures, where this should not be an issue.
Furthermore, when two different systems with bent structures, 4-POPC:1-POPG™ membrane +
G5/GEM + W (Figure 3b) and 4-POPC:1-POPG- membrane + P123/DOX + W (Figure 3c), were
computed with the parameters suggested by Kim et al. very similar structures were obtained

(Figure S10). This indicates that this is not an issue in our study.

5. Conclusions

We show how MARTINI-based CG-MD simulations can tackle biological phospholipid
membranes in contact with drug-loaded nanocarriers. The times and sizes made possible for this
methodology, allowed us to treat several drug-loaded nanocarriers in contact with relatively
large membrane surfaces in the us regime and to observe relevant structural changes such as
surface corrugation and micelle disruptions. Simulations revealed that neutral DPPC membranes
are more stable overall nanocarriers, and the concentration of ionic species had a relatively low
impact. Conversely, ionic moieties impact the anionic 4-POPC:1-POPG™ membrane, displaying a
variety of structural morphologies, including large membrane bendings in presence of ionic G5*
dendrimers or mixed P123/F68 micelles. The charge landscape unbalance between the
phosphatidylglycerol (PG’) and phosphatidylcholine (PC) headgroups of the 4-POPC:1-POPG"
membrane surface makes bent structures energetically favourable matching previous atomistic
simulations> and experimental studies.® Therefore, both the absorbed Pluronic unimers and the
concentration of counterions over the surface, disrupt the 4-POPC:1-POPG™ membrane surface.
However, when a more hydrophilic Pluronic is considered, F68, lower structural changes were
observed. Furthermore, in this system loaded with DOX* and GEM, micelles were disrupted and
unimers absorbed into the membrane. This is probably due to the relatively large hydrophilic PEO
branches, which face and interact with water, and aid in the stabilisation of the membranes,

which matched with experimental results showing that F68 micelles are less aggressive with

23



biological membranes while retaining its drug loading/deliver capacities when compared with
more hydrophobic Pluronic.®’

Our simulations address the role of each moiety in the stabilisation during the transport and
further release of drugs into biological membranes. The inherent general and transferable
perspective of MARTINI opens the possibility for in-silico exploring novel taylor-made drug

nanocarriers yet to be synthesised.

SUPPLEMENTARY MATERIAL

This section contains the movies MS1 and MS2 besides a summary of the simulation runs
developed in this study including the CG-MD mapping for all compounds. A brief discussion
addressing the number of contacts between molecules, solvent accessible surface areas and
radial distribution functions along the entire simulation can be consulted. As a reference, Figures
S5, S8, and S9 display neat membranes, membranes + drugs and membranes + nanocarriers
(unloaded), respectively. Figure S10 shows a brief test of Kim et al.>®> suggested setup for the
treatment of cutoffs, neighbour list updates, and barostat updates that could yield the missing

of pair interactions yielding artifacts in the shape of the membrane.
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