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Understanding the cell membrane penetration process of biomedical nanosystems and its dependence
on nanomaterial properties and surface functionalization is crucial for the rational design of safe and
efficient cellular internalization strategies. Computer simulations are powerful tools to evaluate the
thermodynamic aspects of the process and to elucidate its underlying molecular mechanisms. In this
work, the interaction between uncoated or polymer-coated graphene oxide (GO) dots and lipid bilayer
models is investigated by coarse-grained (CG) molecular dynamics (MD) simulations. We first validate the
coarse-grained model against all-atom MD simulations (AAMD). Then, we perform CGMD simulations and
free energy calculations to assess the effect of the polymeric coating and of its features (grafting density,
polymer end-group charge and polymer hydrophilic/hydrophobic character) on the interaction between
GO dots of realistic size and lipid membranes. We find that the membrane penetration of GO dots is
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spontaneous when coated with a low-density polyethylene glycol (PEG) layer, while a high-density PEG
coating prevents the penetration, and a mixed PEG/polyethylene (PE) coating excessively stabilizes the
nanosystem in the inner membrane region. These findings will help to fine-tune how GO dots interact
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1. Introduction

Graphene oxide (GO) is an extremely versatile material with
environmental, electrochemical, sensing and biomedical
applications."” GO is a 2-dimensional (2D) material composed
of a layer of carbon atoms and oxygen-containing functional
groups, including hydroxyl, epoxide, and carboxyl groups. The
facile functionalization, high aqueous dispersibility and bio-
compatibility make it an appealing material for the design of
various biomedical nanosystems. Indeed, GO can be used not
only as a carrier for drug delivery, but also as a substrate for
regenerative medicine and tissue engineering, and as a photo-
active material for bioimaging and for photodynamic
therapy.>*

Whenever GO is administered to the human body for any
biomedical application, it must overcome many biological bar-
riers, the most common of which is the cell membrane. In
fact, cell membranes serve as barriers to the biodistribution of
nanomaterials and small molecules.”® In the case of nano-
materials carrying cargos to be released into the cytoplasm, a
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spontaneous membrane penetration is preferred, which can
occur either by active cellular processes or by passive
diffusion.” A fundamental understanding of nanomaterial pro-
perties in aqueous solution is crucial for determining how
they interact both with biological entities®** and with cell
membranes,'® i.e., whether they adhere to, penetrate, or cross
the membrane and potentially oxidize and damage it."* The
most crucial parameters determining the outcome of nano-
particle (NP)/membrane interactions are (i) the particle size
and shape, (ii) its electrostatic nature and (iii) its surface chem-
istry.”> In the case of GO, its structural features - thickness,
lateral dimension, and surface functionalization - mainly
govern its interaction with cell membranes and ultimately its
suitability for the biomedical application of choice.'® In this
work, we study the passive membrane penetration process and
will not pursue internalization processes that require active
cell engagements such as endocytosis.'” In particular, we
focus our investigation on the passive translocation of GO
across the plasma membrane, which is of particular interest
for biomedical applications, both for therapy and toxicity
studies. Other passive interaction events include the adhesion
of GO to the outer surface of the plasma membrane or the
incorporation of GO in between the leaflets of the plasma
membrane.'®

Insights into the nature and mechanism of the interaction
of GO with model cell membranes have already been obtained

This journal is © The Royal Society of Chemistry 2025
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both by experiments and by computational modeling."®>® At
least four kinds of interactions are believed to be responsible
for GO interaction with lipid bilayers: (i) the electrostatic
attraction between deprotonated and negatively-charged edge
carboxyl groups of GO and positively-charged choline groups
of phospholipids, (ii) the electrostatic repulsion between GO
carboxyl groups and lipid negatively-charged phosphate
groups,'®'? (iii) the hydrogen bonding of GO hydroxyl groups
with lipid phosphate groups (might be mediated by water
molecules), and (iv) the hydrophobic interaction of GO unoxi-
dized areas with lipid aliphatic chains.*® Moreover, it was
found by MD simulations that GO nanosheets insert into lipid
bilayers according to an inclined orientation>"***” and induce
pore formation,>****”?° fayoring lipids extraction®*?>?° and
lipids scrambling.”” Consequently, graphene and GO
nanosheets can induce the degradation of the inner and outer
cell membrane leaflets and reduce cell viability.*®

In fact, when used for biomedical applications, GO is usually
coated with biocompatible polymeric chains to improve its dis-
persibility in biological solutions, to provide it with stealth pro-
perties and, finally, to enable the loading and/or conjugation of
functional molecules, such as drugs, dyes, or active targeting
ligands.>*>* Among the available polymeric surface coatings,
polyethylene glycol (PEG) is the most widely used one for
GO.31*73% PEG was proved both to limit the endocytotic uptake
of GO-PEG by macrophages*® and, conversely, to stimulate an
immunological response when adhering to the cell surface.”®
Nevertheless, the non-specific passive interaction of polymer-
coated GO with cell membranes remains poorly understood. In
other words, it is not clear whether and how the polymer
coating affects the passive membrane penetration process of GO
nanostructures. Indeed, the surface chemistry of nanomaterials
is of critical importance to determining their interaction with
cell membranes.*' This is particularly relevant in the case of
polymeric coatings with varying densities, charges, and hydro-
phobicity. For instance, it was found that PEG coating essen-
tially blocked non-specific delivery of quantum dots into cells.*?

To fill this gap, in this work we assess the role played by the
polymer coating of GO on its penetration into model lipid
membranes by coarse-grained MD (CGMD) simulations. The
latter ones are typically exploited to study the penetration into
membranes or the interaction of NPs of different nature with
lipids,**®' where simulation times of the order of ps and
larger membrane models than the ones affordable by all-atom
MD (AAMD) simulations are needed. This is achieved at the
expense of a less detailed description of the system with
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respect to the atomic resolution of AAMD simulations, which,
however, are spatially and temporally restricted to the obser-
vation of the early stages of NPs interaction with membranes.
Apart from adopting standard MARTINI bead types,>'>>>*>2
few ad hoc coarse-grained models have been recently proposed
for GO.>>” Among these, we select the GO FF parameters pro-
posed by Wu et al.>* to use in combination with the polariz-
able version of MARTINI2 FF.>*"%! We first validate the CG GO
model for membrane penetration studies. Next, we build CG
models of uncoated or polymer-coated 5 nm wide GO struc-
tures, called “dots” for their sub-10 nm size, and investigate
each of them in terms of interaction with phospholipid mem-
brane models, composed of 1-palmitoyl-2-oleoyl-glycero-3-
phosphocholine (POPC) and cholesterol (CHOL, 10 mol%),
under physiological conditions. POPC and CHOL are chosen
as they are both natural and principal components of eukary-
otic plasma membranes®® and the selected molar ratio is com-
monly used in liposome preparation and in similar compu-
tational studies."® We evaluate the effect of five polymeric coat-
ings on GO, which differ in the grafting density, in the charge
of their end groups, and in the hydrophobic/hydrophilic char-
acter of the polymer chains. In fact, coatings of mixed poly-
ethylene (PE) and PEG are generally adopted for gold NPs®® to
prevent protein adsorption and have been shown to favor TiO,
NPs membrane penetration by MD simulations.*?

2. Computational details
2.1 Systems and nomenclature

First, we introduce the nomenclature adopted in this work.
The different types of polymer chains used for GO coating are
depicted in Fig. 1 and listed in the following:

« Three PEG chains composed of 22 repeating units
(PEG,,), which correspond to a molecular mass of approxi-
mately 1000 Da (experimentally referred to as PEGygo), and
terminated with a neutral methyl group (PEG,,-CHj;), a nega-
tively charged carboxyl group (PEG,,-COO~) or a positively
charged amino group (PEG,,-NH;");

+ A mixed PE-PEG chain composed of 11 repeating units of
PE, followed by 11 repeating units of PEG and terminated with
a neutral methyl group (PE;1-PEG,;-CHj3).

Each polymer chain is referred to by its chemical acronym,
i.e., PEG, or PE,-PEG,, where n is the number of repeating
units and “-” indicates covalent bonding. The chain name is
followed by its terminal group, i.e., methyl (-CHj;), deproto-
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PEG22'CH3 PEGzz-COO_

PEG22'NH3+ PE11'PEG11'CH3

Fig. 1 Structural formulas and nomenclature of the polymer chains used to coat the GO dot in this work. The protonation state corresponds to the

one at physiological pH.

This journal is © The Royal Society of Chemistry 2025
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nated carboxyl (-COO~) or protonated amine (-NH;'). The
amino group on the left side of the polymer chains in Fig. 1 is
used for covalent conjugation with GO according to the two
PEGylation strategies commonly used for GO: the ring opening
of basal epoxide groups or the amidation of edge carboxyl
groups (we refer the reader to ref. 64 for a more detailed
description). The GO dot is named as GO and, when it is co-
valently functionalized with the polymer chains through their
amino group, the resulting nanoconjugate is referred to as GO
followed by the number and the name of the polymer chains,
e.g., GO-4PEG,,-CH;. The lipid membrane is named as MEMB
and the systems composed of uncoated or coated GO interact-
ing with it are indicated as MEMB followed by the corres-
ponding GO nanomaterial, e.g., MEMB/GO or MEMB/
GO-4PEG,,-CHj3, where “/” stands for non-covalent interaction.

2.2 Building of GO coarse-grained models

All the GO and graphene CG models used in this work were
built according to the GO model by Wu et al.,”***> which is
herein referred to as “GO FF” and is compatible with the polar-
izable version of MARTINI2 FF (v2.2P, herein called
MARTINI2P).*®®" The GO FF mapping scheme is inspired by
the standard MARTINI one and represented in Fig. S1 in the
SI. Each bead represents four carbon atoms, plus all oxygen
and hydrogen atoms bonded to them. The only exception is
for carboxyl edge groups, whose CG bead represents only the
carboxyl group, i.e., one carbon and two oxygen atoms. This
mapping scheme, which retains the hexagonal structure of gra-
phene and graphene derivatives, was inspired by the model
proposed by Williams and Lisal.*> However, they only define
four bead types for GO, whereas GO FF model®* includes nine
bead types, which are represented in Fig. 2. The non-bonded
interaction parameters for each of the nine bead types added
to MARTINI2P by Wu et al. were taken from ref. 54 and can be
found in the parameters file available in the SI. The bonded
parameters (bonds, angles and dihedrals) were also defined
according to the GO FF model, using the equilibrium and
force constant values taken from ref. 54 and included in the
parameters file in the SI. The topology of GO and graphene
models was built in a bottom-up fashion from the corres-
ponding AA models with the help of PyCGTOOL.®® The para-
meter assignhment was performed with an in-house python
script.

The CG toy models of graphene and GO used in section 2.3
were also built from the corresponding AA models following

o
A3
A B C

Fig. 2 GO FF bead types from GO FF in ref. 54 used in this work.
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the procedure described above and are represented Fig. S4 and
S5.

The CG models of uncoated and polymer-coated GO dots of
realistic size, used in section 2.4 and represented in Fig. 6,
were prepared as described above and detailed in the follow-
ing. The model of the uncoated GO dot was obtained as a
flake-shaped 5 nm-wide GO structure, whose beads were
assigned A, B, C, F, G, H or I type. Specifically, the number of
beads for each bead type was chosen to reproduce the C/O
ratio, the type and number of groups (hydroxyl, epoxide, and
carboxyl groups) and the total mass of the AA random model,
used in a previous work by some of us.®’ The beads were
arranged in a random fashion as the aim of this work is to
assess the impact of a polymeric coating, rather than the
effects of oxidation heterogeneity, which requires an atomistic
resolution to be properly investigated at this system size. The
mass of each bead is set equal to the sum of the masses of the
mapped atoms, yielding a total mass of 11375 g mol . Both
the AA and the CG models of a random GO dot are represented
in Fig. 3.

Subsequently, the GO dot was coated with polymer chains,
composed of only PEG units or mixed PEG and PE units, yield-
ing five different nanoconjugates. In particular, the CG GO dot
model was functionalized with: (i) 4 PEG,,-CHj3, (ii) 12 PEG,,-
CHs, (iii) 4 PEG,,-NH;", (iv) 4 PEG,,-COO™ or (v) 4 PE;;-PEG, ;-
CH; chains (structures in Fig. 1). All CG polymer structures,
whose representation is shown in Fig. 4, were generated with
polyply suite®” and the MARTINI2 FF>3%%%%5% parameters were
used. Each PEG or PE-PEG chain was covalently bonded to GO
by setting a distance of 0.363 nm between the anchoring GO
bead and the first bead of the polymer chain, which corres-
ponds to the average value obtained from OPLS-AA AAMD
simulations (Fig. S2), and applying a constraint on the dis-
tance with a force constant of 10 000 k] mol™" nm™> during all
the following CGMD simulations. For the edge functionali-
zation sites, the GO anchoring bead was turned into a
MARTINI P5 bead to reproduce the amide bond and its mass
was changed accordingly; for the basal functionalization sites,
the bead type remained unchanged, but the mass was modi-
fied accordingly. The functionalization sites were selected to
be uniformly distributed across the GO surface and edges.

The A-1 beads used to model GO are not part of the stan-
dard MARTINI force field, but were introduced by Wu et al.>*
and used with MARTINI2P. While most interactions with
MARTINI beads were already defined by Wu et al., the cross-
interaction parameters between PEG (EO bead) and GO (beads

8
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Fig. 3 AA (left) and CG (right) models of a random flake-shaped GO dot with a diameter of 5 nm, colored according to the atom type (color code
on the left) or bead type (color code on the right), respectively. The AA model is the so-called random GO model in ref. 64.
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Fig. 4 CG bead representation of the polymer chains used to coat GO,
according to MARTINI2 FF.>8-6068 The methylene amino group on the
right side of the structures belongs to the anchoring GO bead.

A-T) and PEG (EO bead) were missing from GO FF.> Therefore,
they were defined by analogy with the ones between EO bead
and MARTINI beads previously used to describe GO,>'**3%7°
validated in section 2.3 and 3.1, and listed in Table S3. EO/SC4
cross-interaction parameters were used for apolar GO beads
(EO/A and EO/B), EO/P1 for intermediately polar GO beads
(EO/F and EO/G) and EO/P5 for more polar and charged GO
beads (EO/C, EO/H and EO/I). The structure and topology files
of the coarse-grained models of the nanoconjugates built in
this work are available in the SI.

2.3 All-atom and coarse-grained MD simulations for validation

A set of AAMD simulations was performed to validate the
CGMD models, whose computational details are found in the
(section S1.1) and results and discussion in section 3.1 and in
the (section S1.2).

To validate GO FF>* for the description of graphene and GO
solvation free energy in water, we compared the free energy
profile for the translocation of graphene and GO toy models
from water to vacuum at AA (CHARMM-AA FF) and CG (GO FF/
MARTINI2P) level (details in section S1.1.1).

To validate GO FF** for the membrane interaction, we com-
pared the free energy profile of graphene or GO toy models

This journal is © The Royal Society of Chemistry 2025

penetration through a POPC membrane computed at AA
(CHARMM-AA FF) and CG (GO FF/MARTINI2P) level (details in
section S1.1.2).

To evaluate the accuracy of MARTINI2 FF>*7°*%® in combi-
nation with polarizable MARTINI water®" for PEG and PE inter-
action with a POPC membrane, we compared the free energy
profile of a PEG and a PE monomer penetration through a
POPC membrane obtained at AA (CHARMM-AA FF) or CG
(MARTINI v2.0, here called MARTINI2, or MARTINI2P) level
(details in section S1.1.3).

To use GO FF** for PEG-coated GO dots, it was necessary to
validate the cross-interaction parameters between GO bead
types and PEG EO bead type in Table S3. Therefore, we per-
formed a conformational and structural analysis of
GO-4PEG,,-COO™ in solution at AA (OPLS-AA FF or
CHARMM-AA FF) and at CG (GO FF/MARTINI2P) level (details
in section S1.1.4).

2.4 Coarse-grained MD simulations

2.4.1 Polymer-coated GO in solution. Each of the polymer-
coated GO dot models described in section 2.2 was solvated
with the insane tool”* in a 13 x 13 x 13 nm® cubic box filled
with polarizable MARTINI water®! and positive (Na*) and nega-
tive (C17) ions to counterbalance the charge of the solute and
mimic the physiological salt concentration of 0.15 M. After the
energy minimization with the steepest descent algorithm, the
system was heated to 310 K and equilibrated for 1 ns, then an
NPT MD simulation was run up to 150 ns. The V-rescale’” ther-
mostat with a coupling constant of 1.0 ps and the Parrinello-
Rahman’? barostat with a coupling constant of 12.0 ps were
used to control temperature (310 K) and pressure (1 bar),
respectively. The leap-frog”* algorithm with a time step of 20.0
fs was used to integrate Newton’s equations of motion. Long-
range electrostatic interactions were handled with Particle
Mesh Ewald (PME) method’® with a cutoff distance of 1.2 nm
and a dielectric constant of 2.5, while short-range repulsive
and attractive interactions were treated by Lennard-Jones
potential with a force switching function that ramps the
energy smoothly between an inner cutoff of 0.9 nm and an

Nanoscale, 2025,17,19152-19168 | 19155
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outer cutoff of 1.2 nm. A 150 ns CGMD simulation was run for
each system with the GROMACS’® (version 2022) open-source
code.

2.4.2 Lipid bilayer. The CG membrane model was designed
using the CHARMM-GUI Membrane Builder module.””””® We
prepared a 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-choline/
cholesterol (POPC/CHOL) lipid bilayer, with 10 mol% content
of CHOL (2080 lipids in total, 25 x 25 nm?), solvated on both
sides with polarizable MARTINI water.®" Then, standard mini-
mization and equilibration steps were performed under semi-
isotropic pressure coupling, using the MARTINI2P FE.’* ! We
used the same treatment of long-range interactions described
above for nanoconjugates in water. All CGMD were performed
by means of the GROMACS’® (version 2021) open-source code.

2.4.3 Uncoated or polymer-coated GO in a lipid bilayer.
Following a 100 ns equilibration, each of the uncoated and the
five polymer-coated GO dots was introduced in the center of
the POPC/CHOL membrane by means of the gmx insert-mole-
cules tool, which removed the lipid molecules overlapping with
the nanoconjugates (Fig. S3 in the SI). Each of the six systems
was minimized with the steepest descent algorithm and equili-
brated for 10 ns at 310 K in a 25 x 25 x 25 nm”® cubic box with
polarizable MARTINI water, counterbalancing ions and 0.15 M
NaCl. GO beads were restrained to their minimized position
with a force constant of 1000 k] mol™" nm~? during the 10 ns
equilibration to allow membrane equilibration first, before the
nanoconjugate thermal equilibration. Then, the restrains were
removed and a 1.5-ps-long production phase was run with the
GROMACS (version 2021) open-source code.”® We used the
same treatment of long-range interactions described above for
nanoconjugates in water and the system was kept at 310 K
(V-rescale thermostat’? with a coupling constant of 1.0 ps) and
1 bar (semi-isotropic pressure coupling with the Parrinello-
Rahman barostat,”* coupling constant of 12.0 ps and compres-
sibility of 3 x 10™* bar™"). Each unbiased MD simulation of the
membrane/nanoconjugate systems was replicated three times
with different initial velocity conditions to ensure statistical
reliability and are herein referred to as (i), (ii) and (iii). The
resulting data were averaged across all the three replicas, and
standard deviations were calculated using the error propa-
gation method. The input files and the starting-point struc-
tures used for unbiased simulations are available in the SI.

2.4.4. Free energy calculations. The free energy profile
associated with the lipid bilayer penetration was calculated
using the z-component of the distance between GO COM and
the membrane COM, d, as a collective variable, with z being
the normal direction to the bilayer (Fig. 5, left). This was done
for MEMB/GO, MEMB/GO-4PEG,,-CH;, MEMB/GO-12PEG,,-
CH; and MEMB/GO-4PE,;-PEG,,-CH; systems.

The free energy profile for different GO orientations within
the lipid bilayer was obtained using the angle between the GO
plane and z-axis as a collective variable (Fig. 5, right). This was
done for MEMB/GO and MEMB/GO-4PEG,,-CH; systems, as
representative uncoated or coated GO nanoconjugates.

As it was done in the aforementioned validation steps, a
two-step protocol was employed in both cases: a steered MD

19156 | Nanoscale, 2025, 17, 19152-19168
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Fig. 5 Schematic representation of the CVs used for US method: (left)
the distance d, i.e., the z-component of the distance between the GO
COM and the membrane COM to represent the distance of GO from the
membrane and (right) the angle 6, between GO plane and z-axis to rep-
resent GO orientation in the membrane.

POPC/
CHOL

(SMD) simulation and a series of umbrella sampling (US)
window simulations. For SMD the same starting point of the
unbiased simulations of the nanoconjugate in the membrane
was used.

During the membrane penetration SMD run, the nanocon-
jugate was pulled out from the membrane by applying a har-
monic pulling potential to the z-component of the distance
between their COMs (pull-geometry = direction) with a force
constant of 1000 k] mol~* nm~? and a pulling rate of 0.001 nm
ps~'. We also imposed an orientational constraint (harmonic
potential with force constant of 1000 k] mol™" rad™?) on the
GO dot to keep it in a perpendicular orientation with respect
to the plane of the lipid bilayer. During GO orientation SMD
run, a harmonic potential was applied to the angle between
the GO diameter initially perpendicular to membrane plane
(Fig. 5) and the z-axis (pull-geometry = angle-axis) with a force
constant of 10 000 kJ mol™" rad™? and a pulling rate of 0.001
deg ps~'. We also imposed a harmonic pulling potential to the
z-component of the distance between the GO and membrane
COMs with a force constant of 1000 k] mol™ nm~ to keep the
flake in the membrane. Positional restraints (force constant of
500 kJ mol~" nm~?) were imposed on lipid head groups during
both SMD simulations, which were performed at 310 K
(V-rescale thermostat,”” coupling constant of 1.0 ps) and 1 bar
(semi-isotropic pressure coupling with the Berendsen baro-
stat,”® coupling constant of 5.0 ps and compressibility of 3 x
10~* bar™"). The same simulation setup described above for
the nanoconjugates in the membrane was adopted. A box size
of 25 x 25 x 45 nm”® was used.

US windows’ starting-point configurations were extracted
from the SMD trajectories, at each 0.2 nm or 5° increment in
the distance d and in the tilting angle 6, respectively (total of
51 windows for d and 19 for 6). In window simulations, d and
6 were restrained to the starting-point value by applying a har-
monic potential with a force constant of 1000 k] mol™" nm™>
and 3500 k] mol™" rad~?, respectively. During the orientation
window simulations, we also imposed a harmonic pulling
potential to the z-component of the distance between the GO
and membrane COMs with a force constant of 1000 kJ mol™
nm~> to keep the flake in the membrane. Technically, to
control GO orientation we also constrained the diameter,
which is perpendicular to the one mentioned above, to always

This journal is © The Royal Society of Chemistry 2025
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remain parallel to the membrane plane. For US simulations,
the same MD settings of SMD simulations were used except
for the Parrinello-Rahman barostat’® instead of the Berendsen
one. Each window simulation was run for 100 ns, and only the
second half (50 ns) was considered for free energy profile cal-
culation and analyses. The input files and starting-point struc-
tures used for the US simulations using d as a CV are available
in the SI. The free energy profiles with their relative error were
calculated from the count histograms using the WHAM
method®*>®" and the bootstrap method implemented in the
gmx wham tool.®?

2.5 Simulation analysis

Distances were computed through the gmx distance tool from
GROMACS”® or LOOS.*

The contacts with water were counted with the gmx mindist
GROMACS tool”® and a cutoff of 0.6 nm for CGMD simu-
lations, which was chosen to be equal to the distance corres-
ponding to the minimum of the L] potential for GO/water
beads cross-interactions. Only the central W bead (the only
bead with non-null van der Waals parameters) of polarizable
MARTINI water was considered for contacts. The orientation of
the GO flakes with respect to the normal of the lipid mem-
brane was calculated with an in-house python code using the
MDAnalysis python library®*#* and was computed as the angle
between the GO plane (defined by the positions of three par-
ticles belonging to GO edges) and the z-axis, which is perpen-
dicular to the membrane plane.

The polymer radius of gyration, Ry, was calculated with gmx
gyrate or gmx polystat GROMACS tools’® and is defined by

By =\ e 30 0 ) g

k=1

where r; is the position of each k-th heavy atom of the polymer
chain, ryean is the position of the center of mass of the chain
and N is the total number of heavy atoms.

The number density profiles were obtained with gmx rdf
with a bin size of 0.02 nm. The number density profiles along
z-direction were obtained with the gmx density tool from
GROMACS code,”® subdividing the simulation box into paralle-
lepiped-shaped slabs with a z-dimension of 0.1 nm, counting
the number of particles for each bin and normalizing it by the
volume of the slab. 2D density maps were generated by the
gmx densmap tool from the GROMACS code.”®

The lipid order parameter, P,, for CGMD simulations was
calculated with the do-order-gmx5.py script from the MARTINI
FF website.®® P, is defined as:

Py =--{(3cos*§—1)

(2)

N | =

where 6 is the angle between the direction of the bond formed
by two CG beads and the bilayer normal. The angular brackets
represent the molecular and temporal ensemble average over
all the lipids belonging to the bilayer and over the whole pro-
duction phase.
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Non-bonded interaction energies were calculated with gmx
energy and summing van der Waals and Coulomb energy
contributions.

Mean squared displacement (MSD) was calculated with
the gmx msd tool from the GROMACS code.”® The lateral
diffusion coefficient for GO on the xy plane was calculated
from the linear fitting of MSD, within the time intervals
where a linear dependence with time ¢ is observed, by the
Einstein relation:

MSD = 2nDt

3)

where D is the diffusion coefficient, n is the dimensionality,
which is equal to 2 for lateral diffusion. Since we are interested
in relative trends, the finite size effect on computed diffusion
constant was not investigated.®”%®

VMD was used for all structural representations.®* The CG
times reported in this work are simulation times and no con-
version factor was used.

3. Results and discussion

This section is organized as follows: in section 3.1, we validate
the CG models against AAMD simulations; in section 3.2, the
molecular insights coming from unbiased CGMD simulations
of uncoated or polymer-coated GO dots are reported and in
section 3.3 the free energy profiles of GO dots translocation
across the lipid bilayer are discussed.

3.1 Coarse-grained models validation

The preliminary step of this study is the validation of CG
models against AAMD simulation data. We refer the interested
reader to the section S1 for a detailed description of the vali-
dation procedure. In summary, we validate:

(i) GO FF model proposed by Wu et al.>* for solvation free
energies calculations by registering a close agreement between
the AA and CG free energy profiles for the translocation of
small graphene and GO toy models from water to vacuum
(section S1.2.1);

(if) CG GO parameters proposed by Wu et al>* in combi-
nation with polarizable MARTINI2 (MARTINI2P) ones for GO/
membrane interactions by registering a fair agreement
between the AA and CG free energy profiles for the transloca-
tion of small graphene and GO toy models across a POPC
bilayer. The CG data are further validated against experimental
POPC/water partition coefficients” (section $1.2.2);

(iii) CG parameters proposed by Grunewald et al.®® for PEG
in combination with the polarizable MARTINI water for
polymer/membrane interactions with an excellent agreement
found between the AA and CG free energy profiles for the
translocation of a PE and a PEG monomer across a POPC
bilayer (section S1.2.3);

(iv) GO/PEG cross-interaction parameters, which were pro-
posed in this work as not provided by Wu et al.,”* with the
structural and conformational analysis of the behavior of
GO-4PEG,,-COO™ in solution (section S1.2.4).

l.54
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3.2 Uncoated versus polymer-coated GO dots interaction with
a POPC/CHOL bilayer

After validating the CG model against AAMD simulations data,
here we investigate the interactions of GO-based nanoconju-
gates with a lipid bilayer composed of a binary mixture of
POPC and CHOL (10 mol%), which are both natural and abun-
dant components of eukaryotic cell membranes and com-
monly used for liposome synthesis. Fig. 6 comprehends the
structures of all the nanosystems considered: (i) the uncoated
GO dot and (ii-vi) the five polymer-coated GO dots.

The uncoated GO dot model (i) was built as described in
section 2.2. It is a 5 nm wide randomly oxidized GO flake
bearing a C/O ratio of 2.5, which is commonly achieved by the
most common GO synthesis methods,”" and 7 deprotonated
carboxyl edge groups yielding a negative charge equal to -7 e.
In terms of size, experimental studies have shown that smaller
GO sheets are more readily taken up by cells,”> and since
passive membrane penetration does not involve any activation
pathways, it is expected only for nanometric structures. Highly
oxidized, negatively charged GO sheets tend to repel each
other, forming stable monomeric dispersions, as shown
experimentally and theoretically.>>**** Moreover, experimental
evidence shows that GO size strongly affects aggregation, with
nanometer-scale GO particles resulting in enhanced stability.”®
The nanoconjugates (ii-vi) were prepared by functionalizing
GO with (ii) 4 PEG,,-CHj, (iii) 12 PEG,,-CHj, (iv) 4 PEG,,-
NH;", (v) 4 PEG,,-COO™, or (vi) 4 PE;;-PEGy,-CH; chains, as
detailed in section 2.2. The neutral coating of GO-4PEG,,-CH;
nanoconjugate (ii) will serve as a reference system with respect
to the denser coating of nanoconjugate (iii), the positively or
negatively charged coating of nanoconjugates (iv) and (v),
respectively, and the more hydrophobic coating of nanoconju-

(i) GO-4PEG,,-CH,
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gate (vi). The PEG content in nanoconjugates (ii) and (iv-v)
correspond to 25 wt%, i.e., the PEG mass amounts to 25% of
the total nanoconjugate mass, whereas for nanoconjugate (iii)
the weight percentage is equal to 50 wt%. The wt.% of PEG
over the total nanoconjugate mass is the often-reported quan-
tity to express PEG content in experimental papers since it is
directly assessed by Thermogravimetric Analysis (TGA).**?%3%%6-98

A preliminary conformational characterization of the
polymer chains, when covalently bonded to the GO dot, is
reported in Table S5. According to both Ry and (h*)"'* values,
either the inclusion of a charged terminal group or the substi-
tution of half of the PEG monomers with the more hydro-
phobic PE ones leads to the expansion of the polymeric
chains. Instead, we do not register any effect of a higher
coating density going from a PEG content of 25 wt% to that of
50 wt%. Moreover, we notice from the representations in
Fig. 7, 8 and 9 that, due to the lack of atomic resolution in the
CG model of GO, and the inability to account for carbon atom
hybridization, our GO dot tends to favor flatter geometries
relative to atomistic models®® (see Fig. S10). This is a limit-
ation of this CG model, and similar approximations have been
adopted in earlier studies.*"**

Before moving to the focus of this section, it is useful for
later discussion to briefly describe the structural properties of
POPC/CHOL (10 mol%) lipid bilayers.”® From the number
density profiles of the different component of the equilibrated
POPC/CHOL bilayer in Fig. S11A, it is possible to identify
different regions: the most hydrophilic POPC head groups
region, which is centered at a z-distance of about 2 nm from
the membrane center; the intermediate glycerol region cen-
tered at 1.6 nm, where also CHOL hydroxyl groups lie at about
1.2 nm; the most hydrophobic central region, where lipid tails
of the two opposing monolayers are found. Moreover, going

(ili) GO-12PEG,,-CH,

Fig. 6 Top view of the uncoated GO dot model and top and side views of each of the polymer-coated GO dots, whose interaction with lipid
bilayers is evaluated in this work. Color code: A beads in black, B beads in red, C beads in green, F beads in orange, G beads in sky blue, H beads in
blue, | beads in magenta (see also Fig. 2 for reference), PEG beads are shown in purple, PE beads in orange and charged terminal beads, Qg4 and Q,,
in blue and red, respectively. Each of the polymer-coated GO system was equilibrated in an aqueous solution 0.15 M NaCl at physiological

temperature.
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deviations calculated with bootstrap method are shown with shadows. Color code: GO beads in red, POPC choline ones in blue, POPC phosphate

ones in tan, POPC glycerol in pink, POPC tails in cyan and CHOL in fuchsia.

from the bulk water region towards the membrane center, the
water density begins to decrease at 2.5 nm and finally drops to
0 around 1.0 nm, which indicates that the head groups are sol-
vated by water molecules, while the inner region is not. The
distance between the peaks of POPC phosphate groups, which
is a measure of membrane thickness, equals to ~4 nm, as
expected for a POPC/CHOL (10 mol%) lipid bilayer.'*>°" Also,
the number density map in Fig. S11B shows a uniform lipid
distribution in the xy plane, i.e., the membrane plane, and will
be taken as a reference for the discussion on the influence of
the nanoconjugates on membrane properties in section 3.2.1.

After having equilibrated the nanoconjugates and the mem-
brane separately, each nanoconjugate in Fig. 6 was inserted
into the lipid bilayer with the GO plane perpendicular to the
membrane plane, as detailed in section 2.4.3. The perpendicu-
lar orientation was chosen on the basis of several consider-
ations: (i) it represents the intermediate step of the membrane
translocation process, which is the phenomenon of interest,
(ii) it was shown that the starting configuration does not
prevent the system from reaching the equilibrium orien-
tation,”® and (iii) this equilibrium orientation for small GO
flakes in a lipid bilayer lies around a perpendicular one,
according to both previous” and current free energy
calculations.

Indeed, we computed the free energy profile for GO reorien-
tation in a lipid bilayer, while constraining it to lie inside the
membrane, both for MEMB/GO and for MEMB/GO-PEG,,-CH;
systems, as representative systems for an uncoated or a coated
GO (Fig. 7). To achieve this, we used the US method as detailed
in section 2.4 and the angle € as a collective variable, describ-
ing the GO alignment with the normal direction to the mem-
brane (z), as depicted in Fig. 5. For both the systems, the per-
pendicular orientation of GO with respect to the membrane
plane is the most stable one, with a free energy difference with
the parallel orientation of ~60 kcal mol™ and ~30 kcal mol™
for GO and GO-PEG,,-CH3;, respectively. Therefore, we started

This journal is © The Royal Society of Chemistry 2025

all our CGMD simulations of a GO dot located in the mem-
brane from the perpendicular orientation.

Three 1.5-ps CGMD simulations that are referred to as (i),
(ii) and (iii) were run for each of the models in Fig. 6, as
detailed in section 2.4. The final snapshot from replica (i) of
each CGMD simulation is shown in Fig. 8 and 9.

Both from the visual inspection of the last snapshots of
CGMD trajectories (Fig. 8 and 9) and from the time evolution
of the distance of GO COM from the membrane center in
Fig. S14 and S15 it is evident that all nanoconjugates remain
inside the membrane for the entire simulation time, except for
GO-12PEG,,-CH3, which bears the most dense PEG coating
and leaves the membrane shortly after the simulation begins
in all replicas (100-500 ns). On the contrary, uncoated GO and
the other four nanoconjugates remain in the inner or head
groups membrane region throughout the entire CGMD simu-
lation. By comparing the number density profiles in Fig. 8, 9,
S12 and S13 with the one of the isolated POPC/CHOL bilayer
in Fig. S11, we do not observe any effect due to the presence of
the nanoconjugate on the membrane as a whole, likely
because the membrane model size (25 x 25 nm?) is substan-
tially larger than the GO dimension (5 nm). However, as it can
be noted in Fig. 8 and 9, in all the cases a notable amount of
water penetrates the membrane forming a water pore, reaching
even its most hydrophobic central region; moreover, some
lipid head groups (blue and tan beads) are also relocated to
the hydrophobic region of the bilayer.

We refer to section 3.2.1 for the effects of the nanoconju-
gates on membrane properties and integrity and to section
3.2.2 for a thorough discussion about the impact of the
different polymer chains on GO interaction with the lipid
bilayer.

3.2.1 Lipids ordering effects and water pore formation.
Even though it is expected that the presence of a nanoconju-
gate may locally alter membrane properties, the type and
extent of perturbation is not easily predictable. Lipids orienta-
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Fig. 8 Snapshots of the equilibrated systems at 1.5 ps (first column), number density profiles along the direction perpendicular to the membrane
(second column), averaged over the last 0.5 ps of the 1.5 ps simulation of replica (i), for MEMB/GO, MEMB/GO-4PEG;,-CHs and MEMB/
GO-12PEG;,-CHs. Color code: GO beads in red, choline ones in blue, phosphate ones in tan, PEG ones in purple, and water in light blue. Red color
is used for all GO beads and does not refer to the bead type. A surface representation is used for water beads within 0.6 nm of GO. Only POPC head
groups are shown, water and ions are not shown for clarity. See Fig. S12 for replicas (i) and (iii).
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Fig. 9 Snapshots of the equilibrated systems at 1.5 ps (first column), number density profiles along the direction perpendicular to the membrane
(second column), averaged over the last 0.5 ps of the 1.5 ps simulation of replica (i), for MEMB/GO-4PEG,,-NH3*, MEMB/GO-4PEG,,-COO™~ and
MEMB/GO-4PE;-PEG;;-CHs. Color code: GO beads in red, choline ones in blue, phosphate ones in tan, PEG ones in purple, and water in light blue.
Red color is used for all GO beads and does not refer to the bead type. A surface representation is used for water beads within 0.6 nm of GO. Only
POPC head groups are shown, water and ions are not shown for clarity. See Fig. S13 for replicas (ii) and (iii).
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tional ordering is evaluated by computing the lipids second-
rank order parameter, P,, which is defined in section 2.5. P, is
a measure of the motional anisotropy of a particular bond and
yields its average orientation.'®> A complete alignment with
the bilayer normal, i.e., perfect order, corresponds to P, = 1, a
tendency of the bonds to align perpendicularly to the normal
to the membrane to P, = —0.5, and a random lipid orientation
to P, =0.

Indeed, as shown in Fig. S16, the order parameter of the
lipids closest to the nanoconjugates is consistently lower for
both POPC tails when the nonconjugate is inserted into the
bilayer than the value computed for the isolated membrane.
We note a pronounced reduction in the order parameter for
uncoated GO, followed by the PE-PEG and PEG coatings and,
lastly, we do not observe any reduction in the case of the high-
density PEG coating, as expected since the nanoconjugate is
soon expelled from the membrane. The reduced ordering
agrees well with the lipid re-orientation that we noticed
around GO nanoconjugates in the previous section, and
suggests that the lower coating densities and increased coating
hydrophobicity induce greater lipid disorder. Nevertheless,
given the large size of the membrane model with respect to
the nanosystem dimensions, the effect registered in Fig. S16 is
rather local and vanishes when averaging over all POPC lipids.
Some perturbation might also affect the translational lipids
order, on the membrane plane. However, we do not observe
any increase in the lipids number density around any of the
nanoconjugates nor a clustering of cholesterol (Fig. S17). We
do note a decrease in the lipid lateral diffusion coefficients in
Table S7 for both POPC and CHOL, when the membrane is
perturbed by the nanoconjugates.

Regarding the penetration of water into the membrane, a
water pore is formed in all the cases, independently of the
presence and from the features of the polymer coating. In fact,
in Fig. 10 we observe a non-zero and continuous value for the
water density even in the central bilayer region. Water pore for-
mation was reported both experimentally and computationally
for uncoated GO nanostructures.”*>?72° Here, we report, to
the best of our knowledge, the first observation of a pore for-
mation due to polymer-coated GO dots. In particular, the
largest water density at the membrane center is registered for
the two GO flakes conjugated to PEG chains terminated with a
charged group, especially COO~, whose negative charge adds
up to GO dot negative charge. In the case of PE-PEG-CH;
chains the lowest value is observed among coated GO dots, but
still higher than the uncoated GO, since the polymer chains
introduce a considerable degree of disorder in the membrane,
as can be seen in Fig. S16 and S17, which may facilitate water
access to the membrane inner region.

It is important to note that the present simulations rely on
fixed-charge models, which do not account for possible
changes in the protonation state of ionizable groups, e.g. car-
boxyl and amino groups, within the membrane. If the (de)pro-
tonation can be considered instantaneous, such changes in
the protonation state could influence the formation of transi-
ent water pores. Nevertheless, a more accurate treatment
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would require constant pH simulations or other approaches
capable of capturing also the protonation kinetics, which are
beyond the scope of the present work.

3.2.2 Effect of polymer coating on GO interaction with a
POPC/CHOL bilayer. Here, we analyze the effect of coating GO
with polymers on its interaction with zwitterionic POPC mem-
branes. In particular, using the 25 wt% PEG coating
(GO-4PEG,,-CHj3) as a reference, we evaluate the influence of
the following features of the coating chains: the terminal
group charge and the hydrophobic/hydrophilic character. The
effect of density will not be discussed here because it was seen
that an increase in the PEG density makes GO leave the
membrane.

First, from GO, PEG and PE number density profiles in
Fig. 8, 9, S12 and S13 we notice that the PEG chains in
GO-PEG nanoconjugates tend to escape from the membrane
central region and locate at a z-distance between 2 and 4 nm
from the bilayer center, whereas the PE portion of PE-PEG
chains in GO-4PE;;-PEG;,-CH; is more likely to be found in
the central region of the membrane because of its hydrophobic
character. Moreover, we notice that PEG chains can assume
either a symmetric (for MEMB/GO-4PEG,,-NH;" and MEMB/
GO-4PEG,,-COO™ in Fig. 9) or an asymmetric distribution (for
GO-4PEG,,-CHj3; in Fig. 8) around GO to maximize their inter-
action with the POPC hydrophilic head groups and the sur-
rounding aqueous solution. Interestingly, in the presence of
PEG or PE-PEG chains, GO adopts a slightly oblique orien-
tation with respect to the membrane normal (10-20°), while it
remains perpendicular to the membrane plane when uncoated
(less than 5°) (Fig. S14, S15 and Table S6). Moreover, GO
coating may influence its lateral diffusion in the membrane,

This journal is © The Royal Society of Chemistry 2025
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as reflected by the computed lateral diffusion coefficients
shown in Table S7. Indeed, the PEG coating slows down GO
diffusion by halving the diffusion coefficient, independently of
the terminal group charge. When PE-PEG chains are used, the
interaction of the nanoconjugate with the membrane lipids,
which is mainly driven by PE, is so strong that we did not
observe a linear dependence of MSD on time and therefore
could not report the diffusion coefficient within this time
scale.

Lastly, by counting the number of contacts between the GO
dot and water particles in Fig. S14 and S15 (average in
Table S6), we find that GO is always, at least partially, solvated.
Indeed, even when the GO dot is completely inserted in the
lipid bilayer, the GO edges are located at the region of the
highly solvated head groups, since the GO diameter (5 nm) is
commensurate with the membrane thickness (~4 nm).
Nevertheless, water beads not only solvate the GO edges but
also penetrate into the membrane (Fig. 8 and 9), leading to
the eventual formation of a water pore, which was investigated
in section 3.2.1.

In summary, the presence of a charged terminal group
leads to a symmetric distribution of the PEG chains and to the
formation of a larger water pore, as discussed in the previous
section. An increase in the hydrophobic character of the
polymer results in decreased mobility and solvation of the
nanoconjugate in the lipid membrane, because of the
increased interaction of the polymer chains with the inner
region of the membrane, which is expected to help stabilizing
the nanoconjugate in the membrane.

We next evaluate the effect of the GO coating and of the
density and of the hydrophobic/hydrophilic character of the
polymer coating on the membrane penetration process from a
thermodynamic point of view in section 3.3 by free energy
calculations.

3.3 Thermodynamics of uncoated versus polymer-coated GO
dots penetration into a POPC/CHOL bilayer

Here, we calculate the Gibbs free energy profiles for membrane
penetration of GO, GO-4PEG,,-CHj;, GO-12PEG,,-CH; and
GO-4PE;,-PEG,,-CH;3 by US method. We have selected these
four nanosystems, excluding the PEG coatings with positively
and negatively charged end groups, based on our observations
in unbiased CGMD simulations. Indeed, the behavior of
GO-4PEG,,-NH;" and GO-4PEG,,-COO~ was similar to the cor-
respondent neutral coating. Moreover, due to the presence of
deprotonated carboxyl groups and polymer coatings, which are
known to reduce the tendency of GO to aggregate,>®9*1%
focus here on the membrane penetration behavior of individ-
ual GO nanoconjugates (see section S2 in the SI for a prelimi-
nary discussion on GO aggregation at AA level).

As detailed in section 2.4, we first performed SMD, during
which the flake was constrained at a perpendicular orientation
with respect to the membrane plane, because it is the most
stable one for GO in the membrane as revealed in the free
energy calculations presented above and it is also the strongly
preferred one for membrane approaching, according to entro-

we
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pic considerations'® and previous studies.'®® The distance d
and force time evolution are shown in Fig. S19, where we
notice that the lowest force is required to pull MEMB/
GO-12PEG,,-CH; out from the membrane, as expected from its
behavior in the CGMD unbiased simulations discussed in the
previous section.

The above-mentioned orientational constraint was then
removed for window US simulations to let the flake assume
the most favorable orientation at every penetration step.
Nevertheless, consistently with our discussion in section 3.2, we
observe that GO flakes maintain a quasi-perpendicular orien-
tation with respect to the bilayer plane and gradually deviate
from it until they reach the solution state, where they explore
the entire orientational space. We ran 51 window simulations
for each of the four systems and calculated the corresponding
free energy profile from the count histograms in Fig. S20. The
computed free energy profiles for the bilayer penetration of GO,
GO-4PEG,,-CH;, GO-12PEG,,-CH; and GO-4PE,;-PEG,,-CH; are
shown in Fig. 11. Table 1 lists the predicted values of the free
energy of penetration, AGp, which is defined as:

AGp = Gm(d) - Gw(d)v (4)

where G, and G,, are the absolute Gibbs free energies of the
nanoconjugates in the center of the membrane and in the
bulk water, respectively. A positive AG,, implies that the nano-
conjugate is more stable in bulk water than in the membrane,
thus preventing spontaneous translocation across the lipid
membrane. Conversely, a negative AG,, indicates that the nano-
conjugate exhibits enhanced thermodynamic stability when
embedded within the membrane with respect to its solution
state. A relatively low magnitude of AG,, is preferable for the
nanoconjugate to spontaneously cross the membrane without
being trapped within it. It is important to note that kinetic bar-
riers associated with passive membrane translocation are not
considered in this analysis.

We note that the relative thermodynamic stability of the
nanosystems in the membrane, from the least to the most
stable, follows the order: GO-12PEG,,-CH; < GO < GO-4PEG,,-
CH; < GO-4PE;;,-PEG;;-CHj;. Even though for the uncoated GO,
which bears an overall negative charge, one could expect a
rather high energy cost for the membrane translocation due to
its hydrophilic character, at least two considerations can
explain the small value of +4 (+1) kcal mol™: GO charged edge
groups are mainly located near the hydrophilic lipid head
groups, since GO diameter is slightly larger than the mem-
brane thickness, and POPC is a zwitterionic molecule thus,
not completely repulsive to GO. Moreover, it must be con-
sidered that GO induces pore formation and that the lipid
order is locally disturbed, so that even when GO COM is
located within the inner membrane region, it is not sur-
rounded by the highly hydrophobic lipid tail environment.
Interestingly, for pure PEG coatings, we find that the stability
of the nanoconjugate in the inner region of the membrane
first increases by coating GO with a small number of PEG
chains and then decreases dramatically by using higher PEG
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Fig. 11

(Top) Gibbs free energy profiles of the membrane penetration process of GO, GO-4PEG,,-CH3, GO-12PEG;,-CH3 and GO-4PE;-PEG;;-

CHs, with respect to the distance between GO and membrane COMs along z, i.e., CV d in Fig. 5. The standard deviations are calculated with boot-
strap method and are shown with shadows. (Bottom) Representative figures of intermediate penetration stages. Color code: GO in red, POPC
choline groups in blue, POPC phosphate ones in tan, POPC glycerol ones in pink, POPC tails in cyan and cholesterol beads in fuchsia.

Table 1 Free energy of penetration, AG,, calculated as the difference
between the Gibbs free energy value for the flake inside the lipid bilayer
and the one for the flake in water. The standard deviation is calculated
with bootstrap method

System AGy, [keal mol™]
MEMB/GO +4 (+1)
MEMB/GO-4PEG,,-CH; -13 (x1)
MEMB/GO-12PEG,,-CH, +40 (+1)
MEMB/GO-4PE,;-PEG,,-CH, -26 (+1)

densities. The reasons for this non-monotonic trend in free
energy values (GO-12PEG,,-CH; < GO < GO-4PEG,,-CH3, from
low to high stability in the core region of the bilayer) are
rationalized in terms of the electrostatic and dispersion inter-
actions between the components of the system (Table 2). Both
at low and high densities, the PEG chains reach a similar con-
formation in terms of radius of gyration and end-to-end dis-
tance (see Table S8) and exhibit a similar non-bonded inter-

actions pattern in Table 2. Nevertheless, we note that they face
a stronger repulsive interaction against the GO flake with the
denser coating relative to the low-density case. Moreover, the
high-density coating shields the GO flake from forming favor-
able interactions with the lipids (Table 2). Finally, for the less
dense coating, the conformational entropy cost for the four
chains to adopt their equilibrium conformation is likely
sufficiently small to be overcome by the favorable interactions
between the nanoconjugate and the membrane. In contrast,
for the denser PEG coating, wherein a three-times higher
number of chains is conjugated to GO, there is a substantially
higher conformational entropy cost for confining the chains
within the membrane.

Lastly, as expected also from previous calculations," the
membrane penetration of GO-4PE,;-PEG,;-CH; is a spon-
taneous process because of the hydrophobic character of PE
portion of the polymer chains and the possibility for the
remaining PEG part to still interact with the lipids head
groups and water. These findings are in line with the unbiased

Table 2 Non-bonded interaction energies between pairs of system components with their relative standard deviation. The values are averaged over
the last 50 ns of the window simulation centered on d = 0 nm, where d is CV in Fig. 5. The values for polymer chains are normalized by the number
of chains. The polymer contribution is split into PE and PEG contributions for GO-4PEy;-PEG;,-CH3

Energy [keal mol™] GO/membrane Polymer/membrane Polymer/GO Polymer/polymer Polymer/solution
GO -745 (+7) — — — —
GO-4PEG,,-CH, -524 (+23) -3.2 (£0.2) 48 (+1) -5.51 (+0.01) -440 (£2)
GO-12PEG,,-CH, -185 (+2) -1.4 (+0.2) 54.3 (+0.1) -5.69 (+0.01) -451.5 (+0.2)
GO-4PE,;-PEG,;-CH, -728 (+5) PE: —66 (+1) PE: 28.0 (+0.1) PE: —0.4 (0.1) PE: —5.1 (+0.2)

PEG: —1.02 (+0.07)

19164 | Nanoscale, 2025, 17, 19152-19168

PEG: —0.03 (+0.01) PEG: —2.470 (+0.008)

PE/PEG: —0.21 (+0.01)

PEG: —226.2 (+0.2)
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MD simulations results in section 3.2, in which we observed
that GO-12PEG,,-CH; was the only nanoconjugate to spon-
taneously leave the membrane. Moreover, Li et al'®® per-
formed CGMD simulations for model nanoparticles and found
that the hydrophobic ones are thermodynamically stable
around the middle of the hydrophobic region of the mem-
brane, in contrast to the semi-hydrophilic ones’ preference for
the adsorption on the surface of the bilayer.

Taken together, the thermodynamic data in this section
highlight that not only the partial hydrophobic character of
the PE-PEG coating but, surprisingly, also the low-density
(25 wt%) PEG coating, have a stabilizing effect for GO in a
lipid bilayer.

4. Conclusions

In this work, we have studied the interaction between nega-
tively charged randomly oxidized GO dots, either uncoated or
conjugated with polymer chains of different chemical compo-
sition or grafting density, and phospholipid membranes by
coarse-grained MD simulations.

First, we validated the GO FF/MARTINI2P CG model for
GO/membrane interaction, polymer/membrane interaction
and PEGylated GO modeling, by systematic comparison
against all-atom MD simulations and experimental data. We
found a fair agreement between AA and CG data in terms of
solvation free energy, membrane partitioning and PEG struc-
tural and conformational analysis. Then, from a preliminary
free energy calculation, we found that the perpendicular orien-
tation to the membrane plane is the most favorable one for
both GO and PEGylated GO. Therefore, we ran replicated
unbiased CGMD simulations of the uncoated GO dot and of the
polymer-coated one perpendicularly inserted in a POPC/CHOL
(10 mol%) zwitterionic bilayer. By changing the features of the
polymer coating we aimed at assessing the effect of (i) the PEG
density (25 wt% against 50 wt%), (ii) the terminal group charge
(-CHj3, -NH;" or -COO”) and (iii) the hydrophobic/hydrophilic
character of the polymer (PEG,,-CH; against PE;;-PEG,;-CHj3).
By unbiased CGMD simulations we found that at the highest
PEG density the nanoconjugate escapes from the inner region
of the membrane towards the bulk water solution. The terminal
group charge has little effects as long as the limited number of
attached PEG chains allows them to escape from the hydro-
phobic part of the membrane. On the contrary, when the hydro-
phobic nature of the polymer increases going from pure PEG to
mixed PE-PEG chains, the PE portion is stable in the inner part
of the lipid bilayer.

Finally, we used umbrella sampling to estimate the Gibbs
free energy differences associated with the membrane pene-
tration process by the nanoconjugates, as a measure of its
thermodynamic spontaneity. In agreement with unbiased
CGMD simulations, the membrane translocation of the most
densely (50 wt%) PEG-coated GO is not spontaneous, but
associated with a free energy cost, while the PE-PEG-coated GO
is stable within the inner region of the bilayer. Unexpectedly,
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the low-density (25 wt%) PEG coating favors membrane pene-
tration, because of the low conformational entropy cost for the
PEG chains to accommodate in the most hydrophilic mem-
brane regions and in the surrounding aqueous phase.

Taken together, the inclusion of the amount of PE tested in
this work stabilizes the nanosystem in the membrane inner
region and prevents its translocation. In this respect, chains
composed of a shorter PE portion and a longer PEG one (at
least 40% PE and 60% PEG) might be preferable if the goal is
to design a nanosystem capable of crossing the lipid mem-
brane without being trapped inside. More interestingly, the
PEG content (wt.%) plays a critical role in determining the
spontaneity of the membrane penetration of coated GO.

In conclusion, coarse-grained simulations provide valuable
insights into the membrane penetration process of different
graphene-based nanoconjugates but come with inherent limit-
ations. The loss of atomic-level resolution hinders the under-
standing of fine structural details. Additionally, the reduction
in degrees of freedom smooths free energy landscapes, and
the acceleration of kinetics complicates the interpretation of
dynamic behavior. Despite these drawbacks, coarse-grained
models remain essential tools for evaluating the relative stabi-
lity of nanoconjugates within membrane environments versus
the bulk water phase at a reasonable computational cost.

These findings are helpful to the experimental community
as they suggest that the spontaneity of coated GO nanosystems
in the lipid membrane can be fine-tuned by adjusting the PEG
content of the attached polymer chains, e.g., by increasing
their grafting density. Ultimately, it is important to understand
how to optimize the surface coating of nanoconjugates to meet
the treatment and toxicity requirements of the biomedical
application of interest.
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