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A B S T R A C T

Graphene oxide (GO) is an amphiphilic and versatile graphene-based nanomaterial that is extremely promising
for targeted drug delivery, which aims to administer drugs in a spatially and temporally controlled manner. A
typical GO nanocarrier features a polyethylene glycol coating and conjugation to an active targeting ligand.
However, it is challenging to accurately model GO dots, because of their intrinsically complex and not unique
structure. Here, realistic atomistic GO models are designed as homogeneously/inhomogeneously oxidized flakes
and then coated with stealth polymeric chains conjugated to an active targeting ligand (PEG-cRGD). Doxorubicin
(DOX) adsorption is investigated by metadynamics simulations for accelerated loading/release events. The
presence of PEG and cRGD are found not to affect the DOX adsorption, whereas the homogeneity of oxidation
plays a crucial role. We also proved that a change in pH towards acidic conditions causes a reduction in the GO/
DOX affinity in line with a pH-triggered release mechanism. Based on this study, the ideal graphene-based DOX
carrier is identified as a homogeneously highly oxidized GO where graphitic regions with strong DOX π-π
stacking are limited. Such interactions excessively stabilize DOX and are not weakened by a pH-change. On the
contrary, DOX interactions with surface oxidized groups are H-bonding and electrostatic, which can effectively
be modified by a pH reduction. Our findings are useful to the experimental community to further develop
successful drug delivery systems.

1. Introduction

Targeted drug delivery is an administration approach that aims at
enhancing the therapeutic efficacy, reducing the systemic side effects,
and improving the patient compliance by precisely delivering medica-
tions to their intended sites of action within the body. [1] This strategy
relies on nanomedical tools and can have a significant impact on the
cancer treatment. Two-dimensional (2D) nanomaterials stand out as
promising drug delivery platforms because of their large surface-to-
volume ratio, [1,2] which allows for higher drug loadings compared
to three-dimensional nanoparticles. [3,4] Among 2D nanomaterials,
graphene oxide (GO) presents excellent properties for targeted drug
delivery: high aqueous dispersibility, biocompatibility and tunable
surface chemistry. [5,6]

GO is obtained from the oxidation of graphene, with the widely used
modified Hummer’s method [7] based on strong oxidants, such as
MnO4–. [8,9] As a result, GO is a single layer of sp2- and sp3-hybridized

carbon atoms, with a variety of oxygen-containing functional groups
[10] and a size ranging from 1 nm2 to 1 μm2. [6] Even though the exact
chemical structure of GO, in terms of the identity and arrangement of
functional groups, is hard to uncover through experiments, its chemical
composition is usually accessible by elemental analysis. The co-presence
of unoxidized graphitic areas, as small as few square nanometers, with
disordered oxidized regions has been observed through TEM experi-
ments [10] and also predicted by ab initio calculations, [11] which
found a strong correlation between oxidized sites, i.e. the oxidation
barriers for carbon atoms neighboring already oxidized regions are
lower. Consequently, GO not only inherits graphene optical/electronic
properties and high mechanical strength, which make it appealing for
many biomedical applications, such as bioimaging, [5] biosensing, [12]
tissue engineering, [13] photodynamic [13] and photothermal therapy,
[13] but, in addition to this, it bears plenty of functional groups, which
are easy to functionalize and provide it with high hydrophilicity and
colloidal stability. [5,14,15] Furthermore, it has been found that GO has
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a low affinity for the extremely abundant serum albumin protein, one of
the proteins commonly found in the protein corona of nanomaterials,
[16] and can cross the blood-brain barrier, delivering medications
directly to the brain. [17–19] All these characteristics above make GO an
ideal candidate for designing antitumor drug delivery systems, being a
versatile nanomaterial that can be easily modified with stealth polymers
to further improve its biocompatibility, as well as with active targeting
ligands to achieve a higher drug concentration at the desired site of
action. [20]

Indeed, several experiments have proven GO capable of loading
chemotherapeutic drugs, which are often hydrophobic molecules, and
delivering them in a controlled manner. [5,21,22] The most commonly
loaded drug molecule is doxorubicin (DOX), an anthracycline antibiotic
that works as a chemotherapeutic drug against several types of tumors,
since, once internalized in the cancer cell nucleus, it intercalates be-
tween the DNA double-helix and inhibits its replication and thus the cell
division process (cytostatic drug). [23,24] The loading of DOX on GO
has resulted in improved anticancer efficacy for different reasons: an
increased bioavailability compared to the liposomal-DOX counterpart
was found for GO-DOX administered to breast cancer cellular models;
[24] the ability to avoid drug multiresistance was proved for a GO-based
DOX carrier functionalized with polyglycerol and a targeting peptide;
[25] the co-delivery of the anticancer drug and a photosensitizer (Ce6)
by a multimodal GO nanocarrier allowed for synergistic chemo- and
photodynamic therapies. [26] It has been observed that DOX loading on
and release from GO depend on the pH conditions. [23,27–29] The
loading is favored around neutral pH, [27] whereas the release is
favored at acidic pH, [23,27–29] like the one registered in the tumor
microenvironment. This makes GO a stimuli-responsive drug carrier. A
thermodynamic and kinetic study by Wu et al. [29] demonstrated that
DOX spontaneously adsorbs on GO and proposed a Langmuir model,
which implies that a DOX monolayer is adsorbed on GO. They suggested
that the main GO/DOX interactions are electrostatic, between nega-
tively charged GO and positively charged DOX molecules, together with
intersystem hydrogen bonds. [29] Nevertheless, DOX adsorption on GO
is believed to occur also by π-π stacking interactions. [30] Density
Functional Theory (DFT) calculations showed that the adsorption of
DOX on GO model surfaces is stronger on the sp2 region (π-π stacking)
than on the sp3 one (hydrogen bonding). [31] Also, Mahdavi and co-
workers [32] performed classical molecular dynamics (MD) simulations
of DOX molecules on GO flakes with homogeneously arranged oxygen-
containing groups at varying drug concentrations and pH values.

As mentioned above, the biocompatibility of GO is usually enhanced
by coating with hydrophilic polymers, like polyethylene glycol (PEG)
[9,20,22,23,26,33,34] or hyaluronic acid, [35] among others. The
polymer coating is used to avoid dose-dependent cytotoxicity caused by
GO-induced reactive oxygen species (ROS) production and oxidative
stress. [5,6] Indeed, PEGylated GO was found to be substantially less
prone to endocytic uptake by macrophages than uncoated GO. [36] DOX
loading on PEGylated GO was also investigated at a computational level
with classical MD simulations, suggesting a detrimental effect of the
coating, which increases with the polymer chain length. [37,38]

Furthermore, to maximize the selectivity of the drug bioavailability
at the desired site of action, GO nanocarriers are functionalized with
active targeting ligands, whose high affinity for specific receptors
overexpressed by target cells drives the accumulation of nanovehicles
around them. The conjugation with different targeting ligands was re-
ported for GO-based delivery systems: transferrin, a glycoprotein that
binds to receptors overexpressed on glioma cells, was conjugated to
PEGylated GO; [19] folic acid was conjugated to PEGylated GO to target
folate-receptor-positive malignant cells and deliver two drug types
simultaneously; [5,20] oligopeptides based on the RGD (Arg-Gly-Asp)
sequence were used to target αVβ3 integrins, overexpressed by several
types of solid tumors, [8,9,20,30,35,39–41] for which efficient drug
delivery systems are needed because of the stiffness and limited
permeability of their tissues.

However, a systematic computational exploration of DOX adsorption
modes on realistic GO nanocarriers and an estimation of DOX adsorption
free energy on GO are still missing. Notably, what distinguishes the
computational models in this work, making them accurate GO nano-
carriers models, are the following characteristics: (i) the oxidized areas
co-exists with graphitic areas, as experimentally observed and as it has
been done in only a few computational models so far, [42,43] (ii) the GO
dot is not only coated with PEG chains, but also conjugated with a cyclic
RGD (cRGD) targeting ligand, which was not yet ever included in pre-
vious computational work. In this context, we first build two 5 nm-wide
GO flake-shaped models, also named GO dots for their sub-10 nm size,
which differ in the arrangement of the oxygen functional groups. In the
so-called island model, oxidized regions coexist with graphitic areas,
whereas the random model is randomly oxidized. Both models are
covalently functionalized with PEG chains or with PEG chains conju-
gated with cRGD targeting ligands, as commonly done experimentally
for active targeting. [20] GO solvent accessibility, PEG conformation
and cRGD ligand availability are evaluated by unbiased MD simulations.
DOX loading on GO is investigated at physiological pH (7.4) and human
body temperature (310 K), which are the conditions for DOX retention
on GO, by means of metadynamics (MetaD) simulations, which is an
enhanced sampling method widely applied for the investigation of drug
binding to its target protein. [44–48] In this work, instead, MetaD is
used to explore the drug adsorption to its nanocarrier, according to a
protocol recently evaluated by our group. [49] A comparison of the
adsorption modes and the corresponding DOX adsorption free energy is
performed between (i) inhomogeneously (island) and homogeneously
(random) oxidized bare GO dots and (ii) bare and cRGD-conjugated
PEGylated GO dots. Moreover, the influence of a decrease in pH to-
wards acidic conditions on DOX adsorption on the cRGD-conjugated
PEGylated island GO dot was also assessed by MetaD simulations.

This study provides an accurate atomistic description of the intrin-
sically complex and inhomogeneous structure of GO and of DOX
adsorption modes on GO, along with the evaluation of the effect of PEG
and cRGD ligands on their occupancy, which are fundamental to identify
the underlying factors driving the drug loading/release processes and,
therefore, to design more efficient drug delivery nanomaterials.

2. Results and discussion

The main challenge in GO modeling consists in the determination of
the type, number and arrangement of functional groups, given that the
size of the system is known. Indeed, even though a general non-
stoichiometric minimal formula of GO systems was recently proposed,
i.e. C1.5-2.5H0.8O1, [10] there is no unique structure and no repeating
unit. In this scenario, throughout this work, we focus on the dependence
of GO nanocarriers properties and drug loading capacity on the spatial
arrangement of functional groups. To this aim, we use two types of GO
structures, which differ only in the arrangement of the oxygen-
containing functional groups, while sharing the same overall chemical
composition (C2.5H0.8O1), type (hydroxyl and epoxide groups on the
basal plane and carboxyl and phenol hydroxyl groups on the edges) and
number of functional groups. (i) In the island GOmodels (Fig. 1A–D), the
groups are inhomogeneously arranged into graphitic and oxidized
islands, in agreement with the experimental [10] and computational
[11] evidence of their co-presence. (ii) In the random models
(Fig. 1E–H), the functional groups are homogenously placed on GO
surface, as it has been done in the majority of GO computational models
designed so far to investigate biomedical applications. [32,37,38]

Before delving into our findings, it is helpful to present the nomen-
clature used in this work (Fig. 1). GOi indicates the bare (uncoated) is-
land GO model (Fig. 1B), in which graphitic and oxidized areas
(“islands”) coexist – a similar model in terms of group arrangement was
previously referred to as semiordered; [43] GOr indicates the bare (un-
coated) random GO model (Fig. 1F), whose surface is randomly and
homogeneously oxidized. GOi-PEG (Fig. 1C) and GOr-PEG (Fig. 1G)
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stand for the PEGylated island and random GO models with four PEG
chains, respectively. GOi-PEG-cRGD (Fig. 1D) and GOr-PEG-cRGD
(Fig. 1H) stand for cRGD-conjugated PEGylated island and random GO
models, respectively. cRGD is the short form of c(RGDyK), which is the
complete sequence of the cyclic pentapeptide considered in this work.
The complexes of DOX with GOi, GOr and GOi-PEG-cRGD are referred to
as GOi/DOX, GOr/DOX and GOi-PEG-cRGD/DOX, respectively.

The remainder of this section is organized as follows. In Section 2.1
the structural features and solvent interaction of GOi and GOr are
compared. Section 2.2 includes the structural and conformational
analysis of island and random GO dots functionalized with PEG chains
and conjugated with cRGD targeting ligand, focusing on PEG confor-
mation and cRGD availability. In Section 2.3 the drug loading process on
bare and functionalized GO dots is studied from an atomistic and en-
ergetic point of view. To this purpose, DOX is loaded on GOi, GOr and
GOi-PEG-cRGD at neutral pH (7.4) and on GOi-PEG-cRGD at slightly
acidic pH (5.5).

2.1. Effect of oxidation (in)homogeneity on the structure and solvation of
bare GO dots

At an initial level, we evaluate the effect of oxygen-containing
functional groups arrangement on the structural properties and solva-
tion of the two simplest GO dot models considered in this work: GOi and
GOr in Fig. 1 (see Methods Section 4.1, Table 5 and Table S6 for further
model details). According to the TEM microscopic images, [10] the is-
landmodel is the most realistic and accurate, whereas the randommodel
is regarded as a comparative reference model and reproduces the so-far
most common approach of arranging functional groups in existing
computational studies of GO. The size of the models (5 nm) is close to the
smallest experimentally achievable one [50] and allows to include
graphitic islands of a realistic size (1-2 nm wide). [10,23] Almost all
COOH edge groups are deprotonated, according to their acidity at
physiological pH (7.4), [51] yielding a charge density of –51 C g–1, in
perfect agreement with that determined by Konkena et al. [51] at
neutral pH from titration experiments. We refer to Section 4.1 for a
thorough description of how GO models were built and of their

Fig. 1. Representation of the equilibrated structures of all GO models considered in this work, at the end of the production phase. (A-D) Top and side views of
structures of island GO models: (A) bare GOi structure with C and O atoms colored according to the type of functional group they belong to, (B) bare island GO (GOi),
(C) PEGylated island GO (GOi-PEG) and (D) cRGD-conjugated PEGylated island GO (GOi-PEG-cRGD). (E-H) Top and side views of structures of random GO models: (E)
bare GOr structure with C and O atoms colored according to the type of functional group they belong to, (F) bare random GO (GOr), (G) PEGylated random GO (GOr-
PEG) and (H) cRGD-conjugated PEGylated random GO (GOr-PEG-cRGD). Color codes are on the left. Water and ions are not shown for clarity. The two MD simulation
replicas performed for each model give similar results and therefore we only show the structures of replica (i).
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characteristics.
Two replicas of a 100 ns-long MD simulation are run for each bare

GO dot in an aqueous solution at physiological temperature and ionic
strength conditions (see computational details in Section 4.2). A first
general structural assessment based on the side views of the equilibrated
structures in Fig. 1B and F indicates that both graphene oxide models
wrinkle. This is expected since sp3-hybridized carbon atoms tend to
adopt a slightly distorted tetrahedral geometry causing the wrinkling of
the flake. Despite being classified among 2D nanomaterials, GO dots
have a non-zero dimension along the direction perpendicular to the
plane, even at the small flake size considered in this work. The extent of
GO wrinkling depends on the oxidation process and on the oxidized
groups spatial arrangement. Indeed, the island model features a wide
convex area surrounded by flat graphitic regions, which results in a
slightly larger average thickness than the one of GOr (Table 1). Never-
theless, both thickness values are within the experimentally range of 8-
18 Å [27,33,52–56] and the structural deformation of the GO sheet
calculated in Ref. [57], which is in the range of 8 Å. Due to the structural
origin of GO wrinkling, the average deviation from the equilibrated
structure along the simulation is quite low (Root Mean Squared
Displacement (RMSD) of 0.5 (± 0.1) Å and 0.6 (± 0.1) Å for both replicas
of GOi and GOr, respectively). The sub-angstrom RMSD values corre-
spond to a low structure flexibility in water, which is in line with the low
Root Mean Squared Fluctuation (RMSF) values shown in Fig. S1.

Secondly, it is worth comparing GOi and GOr with respect to the
interaction with the surrounding solution, by evaluating the Solvent
Accessible Surface Area (SASA), the H-bonds and the radial distribution
function, g(r). The SASA is a commonly used descriptor of the solvation.
[58] Despite the identical chemical composition, the GOr presents a
higher SASA value by nearly 300 Å2 and a greater contribution of the
oxidized areas to the overall SASA (Table 1). Moreover, we find a greater
number of intramolecular H-bonds for GOi than for GOr which is more
involved in H-bonds with water (Fig. S2). This trend in the GO/solvent
H-bond number can be rationalized by the fact that in the island model
the same number of groups is confined to a smaller area and then the
groups are closer to each other and less accessible to the solvent, in
agreement with ab initio MD simulations. [43]

The g(r) of water and ions around the GO dot is informative of GO
solvation (Fig. S3). The location of g(r) peaks and their relative intensity
is similar to the one registered in Refs. [57, 59] As expected, the in-
tensity of the first g(r) peak follows the order carboxyl > phenol hy-
droxyl> basal hydroxyl> epoxide, with the graphitic sp2 C atoms being
the less hydrated species. In line with the higher solvent accessibility of
the O groups on the random model, the first peak intensity of water
surrounding both hydroxyl and epoxide groups in GOr is higher than in
GOi (Fig. S3). Furthermore, the less dense group arrangement of the
random model makes it more available to Na+ ions, which are attracted
by the negative charge of GO (Fig. S3). In fact, the integral of Na+ g(r)

summed up to 3 Å from GO atoms is equal to 2 Na+ and almost 4 Na+ for
GOi and GOr, respectively. On the contrary, the integral of Cl– g(r) is
essentially zero for both because of the coulombic repulsion.

Overall, we can conclude that different groups arrangements on GO
have a non-negligible effect on their accessibility and interaction with
the solution. In the island model, which should better reproduce a
realistic GO structure, the oxygen atoms have lower solvent accessibility
than in the random one. Therefore, in GO computational modeling it is
critical to arrange the groups in agreement with experimental evidence.
The differences in the surface solvation may cause different conforma-
tions of the polymer coating (Section 2.2) and, more importantly,
different GO drug loading ability (Section 2.3).

2.2. PEG conformation and active targeting ligand availability on GO dots

As mentioned in the introduction, in biomedical applications, GO is
typically coated with biocompatible polymers and, eventually, conju-
gated with active targeting ligands to improve its biocompatibility and
selectivity for the diseased tissues. In this work, to model a proper GO
nanocarrier, we functionalize GO dots with PEG and cRGD (structural
formulas in Fig. S4C), as a representative polymer and targeting ligand,
respectively. The aim of this section is therefore to examine PEG
conformation on GO and cRGD availability, which are crucial but
experimentally hard-to-be-determined descriptors.

We PEGylated both GOi and GOr without and with active targeting
ligands: (i) the simpler systems, GOi-PEG and GOr-PEG (Fig. 1C,G), are
composed by the island/random GO dot covalently functionalized with
NH2-PEG1000-COOH chains, which bear a molecular weight of 1000 g
mol–1; (ii) the more comprehensive models, GOi-PEG-cRGD and GOr-
PEG-cRGD (Fig. 1D,H), consist in the island/random GO dot covalently
functionalized with NH2-PEG1000-cRGD chains. The degree of func-
tionalization corresponds to 25 % wt of PEG over GO-PEG, which agrees
with the experimentally achievable grafting density. [20,33,40,54,55]
In particular, two chains are connected to the basal plane through a
secondary amine functionality and the other two are bonded to the edge
with amide functionalities. We refer to Section 4.1 for further details on
the models design and to Section 4.2 for simulation details. Two replicas
of 150 ns-long MD simulations are performed for each model and a
representative structure for each model is represented in Fig. 2.

First, we focus on the behavior of PEGylated GO models in solution.
Obviously, PEGylated GO dots are thicker than bare ones with thickness
values (Table 1) that fall in the range of those experimentally registered
by AFMmeasurements for similar structures (16-41 Å). [33,54,55] Even
though GO SASA (Table 1) is reduced upon coating with PEG to nearly
70 % or 80 % of the value for bare GOi and GOr, respectively, the ma-
jority of GO surface is still accessible to the solvent and, potentially, to
drugs for their loading. In other words, PEG chains only partially cover
the GO surface, as evident in Fig. 2. The question is whether PEG

Table 1
Average thickness and SASA of bare (GOi and GOr), PEGylated (GOi-PEG and GOr-PEG) and cRGD-conjugated PEGylated (GOi-PEG-cRGD and GOr-PEG-cRGD) models.

Property Thickness [Å] SASA [Å2] SASA/SASAbare % SASAoxid:SASAgrap (%)

GOi (i) (11.7 (± 0.5)) 5700 (± 100) 100 % 63:37
GOi (ii) (11.7 (± 0.4)) 5700 (± 100) 100 % 63:37
GOr (i) (9.0 (± 0.7)) 5980 (± 70) 100 % 77:23
GOr (ii) (9.1 (± 0.7)) 5980 (± 70) 100 % 77:23
GOi-PEG (i) (24 (± 4)) 4100 (± 100) 72 % 67:33
GOi-PEG (ii) (25 (± 5)) 4100 (± 100) 72 % 67:33
GOr-PEG (i) (28 (± 4)) 4800 (± 100) 80 % 76:24
GOr-PEG (ii) (28 (± 4)) 4800 (± 100) 80 % 75:25
GOi-PEG-cRGD (i) (30 (± 6)) 3680 (± 90) 65 % 64:36
GOi-PEG-cRGD (ii) (29 (± 7)) 3800 (± 100) 67 % 63:37
GOr-PEG-cRGD (i) (31 (± 4)) 4400 (± 70) 74 % 72:28
GOr-PEG-cRGD (ii) (31 (± 4)) 4300 (± 100) 72 % 73:27

Each value is obtained as the average and its standard deviation over the production phase (last 50 ns of MD simulation). SASA/SASAbare % is the percentage of GO
SASA still available upon functionalization. SASAoxid:SASAgrap is the ratio between the contribution of oxidized areas and of graphitic areas to the SASA. Further details
on the analyses are in Section 4.2. The values for both replicas (i, ii) are reported.
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interacts with the graphitic and/or the oxidized domains to the same/
different extent. This aspect is crucial for the assessment of the stealth
effect of PEGylation and preliminary to the discussion on drug loading in
Section 2.3. Interestingly, the ratio between the contribution of oxidized
and graphitic areas to the SASA is almost the same for the bare and the
PEGylated random models, whereas it goes from 63:37 to 67:33 upon
PEGylation of the islandmodel. This suggests that PEG interacts with the
graphitic areas to a greater extent than with the oxidized regions.
Moreover, different descriptors point to a greater interaction of PEG
with GOi rather than with GOr: the lower percentage of bare GO SASA
still accessible to the solvent after PEGylation (72 % for GOi vs 80 % for

GOr), the slightly higher intensity of the PEG number density around GOi
(Fig. 3A) and the stronger PEG/GOi non-bonded interaction energy
(Table 2, Fig. S6), which is calculated as the sum of the van der Waals
and the electrostatic contributions. On the other hand, the non-bonded
interaction energy of PEG with the solution is stronger for GOr-PEG than
for GOi-PEG. Lastly, a measure of the conformation of PEG around the
GO dot can be obtained by the radius of gyration, whose value in Fig. 2 is
in line with that registered for a single PEG1000-COO– chain in solution
(10 (± 2) Å) in a previous work by some of us, [60] meaning that the
PEG conformation is not affected upon linking to GO.

The fact that PEGmainly interacts with the unoxidized regions of GO

Fig. 2. Representation of the equilibrated structures of PEGylated and cRGD-conjugated PEGylated GO models where each PEG/PEG-cRGD chain is shown with van
der Waals spheres of a different color and cRGD ligands are highlighted in yellow, along with the average Rg values and their standard deviation of PEG and PEG-
cRGD chains for both replicas (i, ii). The latter ones are obtained as the average among the four polymeric chains over the production phase of each replica (see
Fig. S5 for radius of gyration as a function of time). Color code: carbon atoms in grey, oxygen atoms in red and hydrogen atoms in white. Water and ions are not
shown for clarity. The two replicas look similar and therefore we only represent one structure per replica. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 3. Number density profiles of PEGylated and cRGD-conjugated PEGylated GO models along z-distance from GO center, i.e. perpendicularly to the GO flake. (A)
Number density profiles of PEG for the production phase of the two replicas (i, ii) of each GO-PEG simulation. (B) Number density profiles of PEG-cRGD for the
production phase of the two replicas (i, ii) of each GO-PEG-cRGD simulation. (C,D) Number density profiles for PEG-cRGD and its cRGD and PEG contributions for the
first replica of GOi-PEG-cRGD and GOr-PEG-cRGD, respectively. The profiles for the second replica look similar and are not reported.
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may seem counterintuitive, as one would expect PEG to prefer oxidized
areas or to be solvated and less prone to interact with hydrophobic
species, given its polar character. Nevertheless, it should be considered
that the competition for the interaction with graphitic areas of GO is
among PEG and the solution, which is essentially water in this case.
However, PEG is undoubtedly less polar than water and, therefore, it
tends to screen the GO graphitic area. Indeed, the hydrophobic unoxi-
dized regions can be easily recognized by serum proteins, which may
lead to the formation of a hard protein corona [61] and the role of the
polymer coating is exactly to prevent this from happening, providing the
nanomaterials with stealth properties.

Secondly, we perform a structural, conformational and energetic
analysis of cRGD-conjugated PEGylated GO systems, where each PEG
chain is linked to a cRGD ligand at its terminal end in solution (Fig. 1D,
H). As expected, the average thickness is greater than the one of
PEGylated GO (Table 1). The GO SASA further reduces to ~66 and ~ 73
% of the bare GO SASA for island and random models, respectively. In
this case and differently from the PEG case, the ratio between oxidized
and unoxidized regions contributing to the SASA is similar to the one of
bare GO dots, which means that cRGD ligands balance the above-
discussed difference in the PEG interactions with oxidized and unoxi-
dized areas. Also, according to the average non-bonded interaction en-
ergies in Table 2 and their time evolution in Fig. S6, it emerges that
cRGD has a slightly higher affinity for the solvent than for the GO surface
in the random models.

Among different fragments of the cRGD ligand, the two components
whose interaction with GO is maintained for most of the production
phase are the tyrosine side chain (through π-π stacking interactions with
the unoxidized regions) and the cyclic backbone (through H-bonds with
the oxygen-containing functional groups), see Table S2. Arg and Asp
side chains interact with GO for a smaller fraction of the production
phase (Table S2), which is promising, since these aminoacids are
involved in the interaction with the target integrin and, therefore, a
prolonged binding to GO surface would be detrimental to their targeting
activity.

To assess cRGD availability, we decompose the number density
profile of the PEG-cRGD chains (Fig. 3B) into its PEG and cRGD con-
tributions (Fig. 3C,D). The maximum peak of the cRGD profile is located
at a similar normal distance from GO as that of the PEG profile. cRGD
clearly interacts with GO while is also considerably solvated, as indi-
cated by the non-bonded interaction energies with the solution (Table 2,
Fig. S6). Therefore, we can conclude that while the availability of cRGD
for interaction with the target integrins may be somewhat limited by the
potential adsorption to GO surface, it is not significantly hampered.

Taken together, we find that PEG interacts with GO surface to a
greater extent in the island model than in the random one and adsorbs
also on the unoxidized regions thanks to hydrophobic forces. cRGD
targeting ligands, conjugated to PEG chains, interact both with the GO
surface and with the aqueous solution. The GO surface is still accessible
to the solvent for at least 65 % of the total SASA of the corresponding
bare model, even upon functionalization with PEG-cRGD chains. A good
solvent accessibility is a requirement for drug loading, which is inves-
tigated in the next section.

2.3. Doxorubicin loading on/release by GO nanocarriers

Here, DOX is taken as a model chemotherapeutic drug to probe GO
drug adsorption sites. To this aim, among the six GOmodels in Fig. 1, we
only consider the following as potential drug nanocarriers: the bare is-
land and random GO dots (see Section 2.1 for further details on these
models) and the cRGD-conjugated PEGylated island GO dot (see Section
2.2 for further details on this model). The latter is simulated both at
physiological (7.4) and at slightly acidic (5.5) pH to assess the effect of a
pH change on DOX adsorption.

To calculate the DOX adsorption free energy to different GO nano-
carriers and achieve an atomistic understanding of DOX adsorption
modes, we performed a set of MetaD simulations following a protocol
evaluated by our group. [49] The use of an enhanced sampling method,
such as MetaD, is further justified by the fact that in the preliminary
unbiased MD simulations a DOX molecule in solution with a GO dot
readily loads on the nanomaterial (see also Section 4.3). However, it
does not diffuse on the surface fast enough to explore different adsorp-
tion sites within a reasonable computational time (see Fig. 4B, Fig. 4C
and Fig. S7). Instead, in MetaD simulations, where a bias potential is
applied to the collective variable (CV), d, i.e., the distance between the
center of DOX ring C (the center of DOX aromatic portion in red in
Fig. 4A) and the closest GO carbon atom (Fig. 4A), multiple adsorption
events are registered (Fig. 4D–F). This is true for different regions of the
GO dot, both above and below the plane, and for all the three systems
considered (Fig. 4G–I). The high number of transitions between adsor-
bed and not-adsorbed states and the spatially homogeneous sampling of
the GO surface are required to obtain a reliable estimate of the DOX
adsorption free energy. We refer to Section 4.3 for further details about
MetaD simulations setup and analysis.

In this following, we only discuss GOi/DOX, GOr/DOX and GOi-PEG-
cRGD/DOX systems at physiological pH, and we refer to Section 2.3.3
for the simulations at acidic pH. First, we can say that DOX loading on
bare and functionalized GO is a spontaneous process at neutral pH, ac-
cording to the wide minimum well in the free energy profiles in Fig. 5
and the negative adsorption free energy values in Table 3. Interestingly,
we find that DOX has a different affinity for the three nanocarriers
considered here, following the order: GOi > GOi-PEG-cRGD > GOr.
Experimentally, a standard adsorption free energy, ΔGa

0, of –5.9 kcal
mol–1 was calculated from the equilibrium constant Ka0 (ΔGa

0= –RT lnKa0)
at 310 K – the same temperature used in our MetaD simulations – by Wu
et al. [29] for DOX on bare and highly oxidized GO (estimated C/O ratio
= 1.2 from elemental analysis data).The experimental ΔGa

0 lies between
the calculated adsorption free energy for GOi and GOr. For any
discrepancy from the calculated values, it must be mentioned that the
GO sample used experimentally has a higher extent of oxidation than the
one used in this work, according to the C/O ratio resulting from its
elemental analysis (experimental C/O = 1.2 vs model C/O = 2.5). Also,
it should be noted that experimentally more DOX molecules are loaded:
one DOX molecule, which corresponds to a 0.05 mg/mg (DOX/GO)
loading capacity for bare GO models, is well below the maximum
adsorption capacities registered experimentally, which range from 1.43
mg/mg (DOX/GO), as estimated from the Langmuir isotherm model,

Table 2
Non-bonded interaction energy between PEG or cRGD molecules and GO dot or the aqueous solution.

Energy [kcal mol–1] GO-PEG GO-PEG-cRGD

PEG/GO PEG/solution PEG/GO PEG/solution cRGD/GO cRGD/solution

Island (i) –28 (± 4) –305 (± 9) –24 (± 3) –316 (± 10) –34 (± 2) –151 (± 8)
Island (ii) –31 (± 4) –327 (± 10) –10 (± 3) –327 (± 9) –29 (± 3) –134 (± 10)
Random (i) –3 (± 4) –348 (± 10) –3 (± 3) –316 (± 10) –20 (± 2) –173 (± 8)
Random (ii) –6 (± 4) –354 (± 10) –6 (± 3) –302 (± 9) –19 (± 3) –173 (± 10)

The values are the sum of the van der Waals and the electrostatic contributions. The average over the production phase (last 50 ns of 150 ns) with the standard
deviation is reported. The values are normalized over the number of PEG or PEG-cRGD chains. The values for both replicas (i, ii) are reported. The plots of the non-
bonded interaction energies as a function of the simulation time can be found in Fig. S6. A complementary H-bonds analysis can be found in Table S1.
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[29] to 2.35 mg/mg (DOX/GO), for an initial DOX concentration of 0.47
mg/mL. [27] Therefore, DOX-DOX interactions may also play a role in
determining the experimental ΔGa

0.
Secondly, not only different nanocarriers present different DOX

adsorption free energy, but there are also multiple minima for the same
nanocarrier (Fig. 5). We should stress that, according to the definition of

the CV d, the minimum location is defined by the distance of the center
of mass of the aromatic portion of DOX from the carbon atoms backbone
of GO. To unveil the atomistic details of different adsorption modes and
find the recurrent features for DOX adsorption on GO dots, we train a
self-organizing map (SOM) with a set of DOX-GO intermolecular dis-
tances, which are independent of the model considered (Fig. S9). We

Fig. 4. (A) Representation of the collective variable d biased along the MetaD simulations performed at physiological pH (7.4) in this work. In the DOX structural
formula, the aromatic fragment, i.e. three aromatic planar rings (hydroxyanthraquinone, is represented in red and the hydrophilic portion, i.e. a non-planar ring
linked to an amino-glycosidic side chain (daunosamine), in blue. (B) Values of d and (C) top and side views of DOX adsorption to GO dot along one of the three
unbiased MD simulation runs for GOi/DOX complex. See Fig. S7 for the other two, starting from different starting point relative orientations. (D,E,F) Values of d and
(G,H,I) top and side views of the regions where DOX binds along the MetaD simulations of GOi/DOX, GOr/DOX and GOi-PEG-cRGD/DOX systems, respectively. DOX
molecules are represented at different simulation times and colored according to the simulation evolution, i.e. from red to blue as the simulation time increases. In
GOi-PEG-cRGD/DOX representation, PEG-cRGD chains are omitted for clarity. Water and ions are not shown for clarity. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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only consider selected trajectory segments, in which DOX establishes at
least one contact with GO, i.e. when DOX is closely approaching or
adsorbed on GO. We refer to Section 4.3.1 for methodological details
about SOM training and clustering. The trained SOM is depicted in
Fig. 6A, where each hexagon represents a neuron corresponding to a set
of frames with similar DOX-GO intermolecular distances. Similar neu-
rons are positioned close to each other on the map. Additionally, neu-
rons have been grouped into clusters using hierarchical clustering,
indicated by different colors in Fig. 6A. From the population maps in
Fig. 6B–Dwe notice that DOX shares some of the same adsorption modes
in the three cases, since most of the neurons, i.e., adsorbed configura-
tions, are partially populated by snapshots from all the three simula-
tions. Therefore, here, we describe all adsorption modes observed and
we refer to subsequent subsections for discussion on the effect of group
arrangement and GO functionalization (Section 2.3.1 and Section 2.3.2,
respectively).

To perform SOM analysis, we must define all possible types of
interaction for GO/DOX complex: (i) the hydrophobic and (ii) the π-π
stacking interactions of DOX aromatic portion with GO graphitic areas;
(iii) the H-bonding of DOX polar groups with GO oxygen-containing
groups; and at neutral pH, (iv) the electrostatic interaction of the DOX
amino group, which is protonated at both neutral and acidic pH (pKa =
8.3 [62]), with GO carboxyl groups, which are deprotonated at neutral
pH. To obtain information about the characteristics of the adsorbed
configurations populating the map we color each neuron according to
the average value of specific properties over the configurations
belonging to it (Fig. 6E–H). We select two descriptors of the hydro-
phobic/aromatic part of GO/DOX interaction: 1) the CV d, which is
basically the distance of the center of mass of DOX aromatic portion
from the closest GO carbon atom (Fig. 6E) and 2) the angle, θ, that

describes the alignment of the DOX aromatic portion with the average
plane of GO (Fig. 6F); and two descriptors of the hydrophilic part of GO/
DOX interaction, i.e., 1) the coordination number of DOX protonated
amino group by GO oxygen atoms (Fig. 6G) and 2) the number of
intermolecular H-bonds established by DOX with GO dot (Fig. 6H).
Indeed, there exist several H-bonding scenarios: (i) –COO– of GO and
–OH of DOX; (ii) –COO– of GO and –NH3+ of DOX; (iii) –OH of GO and
–OH of DOX; (iv) –OH of GO and –NH3+ of DOX; (v) epoxide of GO and
–OH of DOX; and (vi) epoxide of GO and –NH3+ of DOX.

The left part of Cluster D and few other sparse neurons are charac-
terized by low values of the d (3-5 Å) and of the alignment angle, i.e., by
a close to parallel alignment (Fig. 6E,F). This means that in these neu-
rons the aromatic anthraquinone portion of DOX interacts through π-π
stacking with GO. Interestingly, here we register a low number of H-
bonds and a low coordination number for DOX amino group (Fig. 6G,H).
Therefore, this adsorption mode has a strong hydrophobic contribution
and, according to the d value, it corresponds to the first and deepest
minimum of the free energy profiles in Fig. 5 (Fig. 6I). As expected, the
highest contribution to these neurons comes from the island and the
functionalized island rather than from the random GOmodel (Fig. 6B–D).
Indeed, the π-π stacking interaction was experimentally confirmed by
the quenching of DOX emission peak at 593 nm in fluorescence spec-
troscopy, which implies a photoinduced electron-transfer or an efficient
energy transfer process in the GO/DOX complex. [27,35]

In Cluster A, B and the right area of cluster D, d assumes intermediate
values (6-10 Å) and no preferential orientation of the aromatic fragment
of DOX is observed (Fig. 6E,F), whereas a higher number of H-bonds is
found, especially in Cluster D (Fig. 6H). Indeed, in these adsorption
modes, which correspond to the intermediate minimum in Fig. 5, the
hydrophilic groups of DOX are more involved, but the aromatic portion
of DOX is still quite close to the C backbone of GO in a parallel to oblique
orientation. In the central neurons (neurons around 55 and 24) there is
also a strong contribution by the DOX amino group (Fig. 6J). The
establishment of GO-DOX H-bonds has been experimentally proved by
the shift of GO/DOX characteristic FTIR peaks. [27]

Average distance values higher than 10 Å are found mostly in Cluster
C, along with intermediate-to-high values of the amino group coordi-
nation number and intermediate H-bonds values (Fig. 6E–H). In these
adsorption modes, contributing to the shallower minimum in the free
energy profiles (Fig. 5), DOX is interacting mainly through its hydro-
philic portion, since the distance of the aromatic segment from the C
backbone of GO, d, is about the size of the molecule (Fig. 6K). This
adsorption mode, which should correspond to the third minimum of the
free energy profiles, is more common for bare GO dots (Fig. 6B–D).

Overall, two main types of adsorption modes are found with the
former analysis: (i) a well-defined lowest energy adsorption mode for
DOX – first minimum – is driven by the parallel alignment of the aro-
matic portion of DOX on top of the graphitic islands of GO, when they
are available, and this is present also for PEGylated GO; (ii) a pool of
adsorption modes where the electrostatic and the H-bonding GO-DOX
interactions play a significant role and these correspond mainly to the
two less deep free energy minima and are available in all the three
models. Both the aromatic and the polar components of GO/DOX
interaction have experimental proofs, as mentioned above. [27,35]
Moreover, the fact that the loading and release processes show a strong
pH dependence [23,27–29] implies that some pH-sensitive groups of
DOX and/or GO must be involved in the adsorption.

The effect of GO functional groups distribution on DOX adsorption is
discussed in Section 2.3.1, whereas the effect of GO functionalization
with realistic PEG-cRGD chains in Section 2.3.2. Finally, the effect of a
decrease in the pH conditions on DOX adsorption is discussed in Section
2.3.3.

2.3.1. Implications of oxidation (in)homogeneity
To understand the effect of different oxygen-containing groups

arrangement on DOX adsorption, we compare GOi and GOr free energy

Fig. 5. Free energy profiles of DOX loading on GOi, GOr and GOi-PEG-cRGD.
Increasing values of the distance d correspond to the DOX aromatic portion
moving away from the GO surface towards bulk solution. Each of the profiles is
calculated as the average from 800 ns to the end of the simulation time.

Table 3
Adsorption free energy, ΔGa, of DOX on GO models.

Model ΔGa [kcal mol–1]

GOi –10.4 (± 0.1)
GOr –3.9 (± 0.1)
GOi-PEG-cRGD –6.8 (± 0.1)
GOi(COOH)-PEG-cRGD –6.6 (± 0.1)
GOi(COOH/OH)-PEG-cRGD –6.4 (± 0.1)

The value is the average from 800 ns and it is calculated from the
integration of the profiles in Fig. 5 and Fig. 9 with Eqs. (1) and (2),
where the boundary between DOX adsorbed and non-adsorbed states is
set at d equal to 15 Å and the bulk region runs up to 25 Å. The error is
calculated by block average. See Section 4.3 for further details and
Figs. S8 and S16 for ΔGa as a function of time.
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profiles. We observe a similar shape with a slight shift in the location of
the deepest minimum, whereas a significant variation in the depth of
each minimum is found. The random oxygen-containing groups
arrangement is responsible for decreasing the strength of the adsorption
free energy of one DOX molecule by 6.4 kcal mol–1. This gap essentially
comes from the reduced accessibility to large unoxidized regions of GO
surface along with an increased solvation of the oxidized groups going
from GOi to GOr (Section 2.1). Therefore, we can say that the π-π
stacking interaction, which is only possible when pure graphitic areas
are present, plays a crucial role in the loading of DOX on GO. In fact, Don
Subasinghege et al., who computationally investigated the adsorption of

aniline – an aromatic molecule – on GO sheets with different oxidation
levels, found an increase of about 2 kcal mol–1 in the adsorption free
energy going from a C/O ratio of 4 to a C/O ratio of 2, i.e., a weakening
of the GO/aniline interaction upon increasing of GO oxidation level.
[63]

To achieve a more thorough comprehension of DOX adsorption
modes onto GOi to GOr, it is interesting to evaluate the free energy
dependence on other CVs than the one biased in MetaD simulations (d).
This is done by reweighting the MetaD simulation, i.e. removing the bias
applied along the simulation and computing the free energy surface in
terms of any other CV (see Section 4.3 for further details about the

Fig. 6. (A) Trained SOM, with the neurons numbered and colored according to the cluster they belong to. The number of clusters was chosen from the Silhouette
profile in Fig. S10. (B,C,D) Population maps for the three systems. (E-H) The SOM where each neuron is colored according to its average value of four GO/DOX
descriptors: two descriptors of the hydrophobic/aromatic GO/DOX interaction, i.e., (E) the distance used as the CV during MetaD – that is basically the distance of the
center of mass of DOX aromatic portion from the closest GO C atom and (F) the alignment of the DOX aromatic portion with the plane of GO – plane of GO is
approximated; two descriptors of the hydrophilic GO/DOX interaction, i.e., (G) the coordination number of DOX protonated amino group and (H) the number of H-
bonds established by DOX with GO dot. The details about the analysis can be found in Section 4.3. (J-K) Representative DOX adsorption modes belonging to neuron
62 (GOi), 55 (GOr) and 9 (GOi), respectively.
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reweighting procedure).
First, we examine the 2D free energy surfaces obtained by

reweighting the MetaD simulations with respect to the angle between
the hydroxyanthraquinone and GO planes, θ, as the second CV in
addition to d, the originally biased one (Fig. S11). These surfaces reveal
a different free energy landscape for GOi and GOr. In both cases, the
lowest energy region is located at a short distance d from the GO dot.
However, deep and more localized minima are found around –180◦,
0◦ and 180◦ (parallel alignment) for the islandmodel, while a broad and
shallower minimum, i.e., no preferential orientation of DOX aromatic
portion, is observed for the random model. Moreover, in Fig. S11, in
agreement with the free energy profiles in Fig. 5, we do not find minima
at distances higher than 15 Å. The concurrence of a close distance (low
d) and a parallel relative orientation (low θ) between DOX hydroxyan-
thraquinone and GO is typical of π-π stacking interaction between two
aromatic structures. As we anticipated in the SOM analysis, this happens
only for GOi. Indeed, the neurons sharing low d (Fig. 6E) and low θ
(Fig. 6F) values are mainly populated by GOi/DOX adsorption modes
rather than GOr/DOX (Fig. 6B vs 6C). The missing π-π stacking in-
teractions are responsible for the strong deviation of GOr adsorption free
energy profile from GOi one at low d values (Fig. 5).

The complementary contribution to the adsorption are the electro-
static and hydrogen-bonding interactions, which are not only believed
to be important for the adsorption, but also responsible for the pH
dependence of drug loading/release processes. [29] To examine the role
of the positively charged NH3+ group in the adsorption, we reweighted
the MetaD simulations with respect to the coordination number of DOX
protonated amine group by GO oxygen atoms (Fig. S12). For both GOi
and GOr, there are four minima located at coordination numbers equal
to 0, 1, 2 and 3. The minima are very close in energy for GOi and GOr and

even extend to d values of 14 Å from the GO surface. This means that the
NH3+ group plays a significant role independently from the functional
group distribution and also for adsorption modes in which DOX aro-
matic portion is far from the surface, in agreement with the findings of
different adsorption modes from the SOM analysis above. Moreover, we
note that the number of simultaneous H-bonds established by DOX is
higher for GOr than for GOi, as we can see from the relative frequency
values in Fig. S13. This is in line with our results of Section 2.1, where
we found that the number of H-bonds of GO with the surrounding water
molecules is higher for GOr, whereas GOi favors intramolecular in-
teractions. From an energetic point of view, we averaged the GO/DOX
non-bonded interaction energy over DOX adsorbed states in Table S3.
Based on the values in Table S3, we find that the ratio between van der
Waals and electrostatic absolute values decreases from about 5:1 to 2:1
going from the island to the randommodel. This finding further confirms
how the distribution of the oxygen groups impacts on the type of
interaction established by the drug molecule with the carrier.

Lastly, to understand how strongly DOX binds to different GO dots
regions, we reweight the MetaD simulations with respect to x, y and z
coordinates of the center of mass of DOX C ring. The free energy maps in
Fig. 7 essentially tell how strong the aromatic portion adsorbs
(Fig. 7A–D) and at which distance (Fig. 7E–H). For GOi we notice that
the deepest minima are located on the graphitic regions (Fig. 7A,B vs
Fig. 1B) and that the free energy in the central oxidized area ranges from
–6 to 0 kcal mol–1. We can see a slight difference in the upper and lower
surfaces of GO in the adsorption free energy in the central region, which
may be due to the different concavity, since the upper surface is convex
and the lower surface is concave (Fig. 1B). This might correspond to a
slight preference for DOX to adsorb on concave oxidized regions rather
than convex ones. For GOr there is no preferential adsorption site

Fig. 7. (A–D) Map of the DOX adsorption free energy values associated with each C atom of the GO surface as obtained by the reweighting of the MetaD simulations
against x,y and z coordinates of DOX aromatic portion center of mass, which is essentially located at the center of ring C in Fig. 4A. The minimum free energy value
scanning z towards positive (top) and negative (bottom) values from the C z coordinate was selected and plot in the top (A,C) and bottom (B,D) surfaces for GOi and of
GOr, respectively. The complementary maps (E-H) indicate the offset distance of each point in the above plots (A-D) with respect to the C atom, which is essentially
calculated as the difference of z coordinates of (x,y) point whose free energy is the one in the above plot and of the underlying C atom, i.e. the distance from the GO
dot. The same color scales were used in all plots to allow for better comparison.
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(Fig. 7C,D) or any concavity/convexity effect, since the GO dot is more
homogeneously corrugated (Fig. 1F).

2.3.2. Implications of functionalization with PEG-cRGD chains
For the purposes of drug delivery, it is crucial to compare the DOX

adsorption feature on GOi-PEG-cRGD with respect to bare GOi dots. As
already mentioned at the beginning of this section, the calculated DOX
adsorption free energy to cRGD-conjugated PEGylated island GO model
is weaker than the one to GOi (Fig. 5 and Table 3). Interestingly, a
decrease in the DOX loading efficiency by GO was also registered
experimentally upon GO functionalization with hyaluronic acid and,
eventually, RGD. [35] However, according to the SOM analysis, the
presence of PEG-cRGD chains does not hamper the DOX from exploring
any of the above-mentioned adsorption modes, but eventually in-
fluences their relative occupancy. For example, the adsorbed configu-
rations in Cluster D have limited accessibility and the higher energy
adsorption mode is scarcely populated on GOi-PEG-cRGD model
(Fig. 6B-D). Even so, the presence of PEG-cRGD decreases the strength of
DOX adsorption, perhaps because it makes more difficult to access to GO
surface for steric hindrance considerations and because not all the sur-
face is available being partially covered by PEG. Indeed, DOX competes
with PEG-cRGD chains for the adsorption on GO.

Nevertheless, DOX essentially adsorbs on GO even if PEG-cRGD
chains are present, i.e. it does bind to PEG-cRGD chains only
(Fig. S14). Also, when DOX is adsorbed on GO it does not affect the
distribution of the PEG-cRGD chains around the GO dot, whose number

density profile in the presence of DOX (Fig. S14) resembles the one for
the unloaded GOi-PEG-cRGD system (Fig. 3C). Thus, a similar PEG dis-
tribution and RGD availability is expected.

To place our work in context with the existing experimental litera-
ture about loading/releasing DOX on/from GO nanostructures, it is
important to note that DOX was successfully loaded on GO functional-
ized with PEG, [22,23] among other polymers [25,64]. The latter sys-
tems were also reported to favor pH-triggered DOX release at acidic pH,
which is investigated in the next section.

2.3.3. Implications of pH decrease
DOX release from GO-based nanocarriers is generally triggered by

acidic pH values, [23,27–29] both for bare GO and PEGylated GO. [6]
This effect has great potential, given that acidic pH values (5-6) were
registered in tumor microenvironment (TME), [65] which is nano-
medical devices target site, and in intracellular endosomes, where the
nanocarriers are encapsulated when internalized by receptor-mediated
endocytosis. [66] Nevertheless, the driving mechanism of DOX pH-
triggered release from GO nanocarriers is still under debate.
[23,27,29,67] A collection of the percentage values for DOX loading and
release by uncoated and functionalized GO nanocarriers at different pH,
as gathered from the experimental literature, is included in Table 4. It is
evident that an acidic pH condition (2-5.8) always leads to a greater
DOX release with respect to physiological pH condition (~7.4) over the
same time frame. Based on these data, the registered ratio between the
percentage of DOX released at acidic pH with respect to neutral pH

Table 4
Non-exhaustive collection of DOX loading and release percentage data by GO nanocarriers at different pH values, from literature experimental works.
[22,23,25,27,29,64,67–69] Abbreviations are listed below.a

Ref. Carrier (size)b C/O Loading Release

Bare GO
[27] GO NA pH 2: 0.55 mg/mge

pH 6: 0.91 mg/mge

pH 10: 0.74 mg/mge

pH 2: 71 % after 30 h
pH 7: 11 % after 30 h
pH 10: 25 % after 30 h

[29] GO 1.2 pH 3.4: 0.91 mg/mgf

pH 5.0: 0.92 mg/mgf

pH 7.2: 0.94 mg/mgf

pH 1.0: 23 %
pH 3.2: 6 %
pH 7.0: 0 %

[64] GO (10–200 nm) NA – pH 5.3: 48 % after 24 hg,h

[68] GO (70–800 nm) NA pH 5.4: 95 %g,h

pH 7.4: 179 %g,h

pH 9.4: 198 %g,h

pH 5.4: 81 % after 72 hg,i

pH 7.4: 43 % after 72 hg,i

[69] GO NA ~1 mg/mg pH 5.3: 36 % after 72 hg

pH 7.4: 12 % after 72 hg

Functionalized GO
[22] GO-4armPEG2000 (141 nm)c NA 0.37 mg/mg pH 5.3: 65 % after 72 hc,g

pH 7.4: 29 % after 72 hc,g

[23] NanoGO-6armPEG (<20 nm)j NA – pH 5.5: 50 % after 48 h
pH 7.4: 15 % after 48 h

[25] GO-hPG (5–30 nm) NA 12.5 % (w/w%) pH 5.6: 19 % after 48 h
pH 7.4: 14 % after 48 h

[25] GO-hPG-cR10 (5–30 nm) NA 11.7 % (w/w%) pH 5.6: 20 % after 48 h
pH 7.4: 13 % after 48 h

[67] GO-PEI⋅Ac-FI-PEG-LAd 0.75 85 % pH 5.8: 80 % after 72 h
pH 7.4: 11 % after 72 h

[64] GO-HA (10–200 nm) NA – pH 5.3: 40 % after 24 hg,h

pH 5.3: 40 % after 24 hg

pH 7.4: 20 % after 24 hg

a Abbreviations: Ac for acetyl group, cR10 for cyclic R10 peptide, FI for fluorescein isothiocyanate, HA for hyaluronic acid, hPG for hyperbranched polyglycerol, LA
for lactobionic acid, PEG for polyethylene glycol, PEI for polyethyleneimine, NA for not available.
b The size always refers to the GO lateral width, when provided.
c For dual release of cisplatin (Pt) and DOX.
d GO was modified with PEI with terminal groups either derivatized with FI or derivatized with PEG-linked LA or acetylated.
e DOX initial concentration of 0.145 mg/mL.
f DOX initial concentration of 0.350 mg/mL.
g Data collected at 310.15 K (37 ◦C).
h Data collected in phosphate-buffered saline (PBS).
i For DOX loaded at pH 7.4.
j The size refers to the functionalized GO nanostructures, while PEG MW was not provided.
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ranges from 2 to 8. A complete DOX release has never been reported to
date, as far as the authors know.

In this context, to investigate pH-triggered DOX release from GO, we
have performed two additional MetaD simulations for the realistic
nanodevice model GOi-PEG-cRGD (overall charge, q = -4 e; C/O = 2.5).
To mimic the TME and endosomal slightly acidic pH value of 5.5, the
structure of GO was modified as follows: (i) in GOi(COOH)-PEG-cRGD
all the edge carboxyl groups were protonated (q= 0 e; C/O= 2.5); (ii) in
GOi(COOH/OH)-PEG-cRGD all the edge carboxyl groups were proton-
ated and simultaneously 30 % of the basal epoxide groups were opened
and turned into anti diols (q = 0 e; C/O = 2.2). The technical details
about these models can be found in Section 4.1 and simulation details in
Section 4.3. To visually show the effect of the structural changes adopted
to mimic slightly acidic pH values, in Fig. 8 we represented the molec-
ular surface of GOi-PEG-cRGD, GOi(COOH)-PEG-cRGD and GOi(COOH/
OH)-PEG-cRGD colored according to the electrostatic potential calcu-
lated by solving the Poisson-Boltzmann equation. We note a reduced
amount of red spots (negative potential) on the edge of the GO flake both
in GOi(COOH)-PEG-cRGD and GOi(COOH/OH)-PEG-cRGD and an
increased amount of blue (positive potential) and white (neutral po-
tential) spots on the surface of GOi(COOH/OH)-PEG-cRGD compared to
GOi(COOH)-PEG-cRGD, due to the increased number of basal hydroxyl
groups.

The system with protonated carboxyl groups (i), which is the com-
mon practice to simulate GO in acidic conditions [32,70–74], is herein
taken as a reference. Indeed, according to their pKa value, the edge
carboxyl groups are expected to be protonated at slightly acidic pH
conditions. [51] Nevertheless, we believe that the pH = 5.5 condition is
better reproduced by the system (ii) with both protonated carboxyl
groups and 30 % of opened epoxide rings (turned into diols). In fact, it is
well known that the epoxide ring opening reaction is catalyzed by acidic
aqueous media, where water can directly serve as the nucleophile spe-
cies. [75,76] Moreover, the epoxide ring opening reaction was observed
during ab initio MD simulations of GO systems, even at neutral pH, by at
least two independent groups, [43,77] but was never introduced in
classical MD simulation models, as far as we know. In both (i) and (ii)
systems, the overall charge of the nanocarrier is neutralized, which
agrees with the experimentally registered decrease in the absolute value

of the zeta potential following a pH decrease. [29,51]
Both models (i) and (ii) were used as a substrate for DOX adsorption

in two independent MetaD simulations. We first checked that the surface
of the GO dot was uniformly sampled by DOX along the MetaD in
Fig. S15 and that a good convergence was achieved by estimating the
error on the free energy with block analysis in Fig. S16.

We register a decrease in the absolute value of the adsorption free
energy ΔGa in Table 3 by 0.2 kcal mol–1 going from GOi-PEG-cRGD to
GOi(COOH)-PEG-cRGD, and by 0.4 kcal mol–1 going from GOi-PEG-
cRGD to GOi(COOH/OH)-PEG-cRGD. This corresponds to a weakening
of the interaction between DOX and GO for both MetaD simulations at
pH 5.5 with respect to the one at pH 7.4, which agrees with the exper-
imental data on pH-triggered DOX release mechanismmentioned above.

Fig. 8. Visualization of the electrostatic potential on the molecular surface of GOi dots at pH = 7.4 (A) or pH = 5.5, mimicked only by carboxyl groups protonation
(B) or by carboxyl groups protonation and epoxide rings opening (C). The molecular surface was represented by using OPLS-AA atomic radii and a probe radius of
1.4 Å and the electrostatic potential was calculated with the Adaptive Poisson-Boltzmann Solver (APBS) code. Further details on the APBS calculations can be found
in Section 4.1.

Fig. 9. Free energy profiles of DOX loading on GOi-PEG-cRGD at pH 7.4 (GOi-
PEG-cRGD) and pH 5.5 (GOi(COOH)-PEG-cRGD and GOi(COOH/OH)-PEG-
cRGD). Increasing values of the distance d correspond to the DOX aromatic
portion moving away from the GO surface towards the bulk solution. Each of
the profiles is calculated as the average from 800 ns to the end of the simula-
tion time.
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Nevertheless, the average ΔGa values take into account all the various
adsorbed states sampled in our MetaD simulations, for d values within
the range 0-15 Å in Fig. 9. To understand which of the molecular in-
teractions is more affected, we performed further analyses.

By looking at the histograms of the minimum distance values be-
tween the protonated N atom of DOX and the carboxyl O atoms of GO in
Fig. 10, we can state that the protonation of the carboxyl groups strongly
affects the DOX adsorption. Given that 99 % of the cases in which the
minimum N–O distance is within 3.5 Å falls in the deepest free energy
minimum (i.e., the minimum distance is below 3.5 Å and simultaneously
d is in the range 0-7.5 Å), we believe that the loss of this interaction at
slightly acidic pH is responsible for the changes observed in the global
minimum of the free energy profiles in Fig. 9. Indeed, the protonation of
GO edge carboxyl groups implies both the loss of excellent H-bond
acceptor groups and the shift from a negatively charged carrier to a
neutral one, which are detrimental for the positively charged DOX
molecule. Moreover, we note that a lower number of H-bonds is estab-
lished between DOX and GO at pH 5.5 than at pH 7.4, on average, in the
adsorbed states (d < 15 Å), in Fig. S13. Lastly, in Fig. 9 the shape of the
average free energy profile of GOi(COOH/OH)-PEG-cRGD/DOX pre-
sents different features than GOi-PEG-cRGD/DOX and GOi(COOH)-PEG-
cRGD/DOX. This might be related both to the different GO/DOX and
GO/PEG interactions, upon increasing the number of the basal hydroxyl
groups on GO. By collecting the average number of contacts (Fig. S17)
between various components of the system for the DOX adsorbed states
(d < 15 Å) in Table S4, we note that PEG-cRGD chains are interacting
more with DOX in GOi(COOH/OH)-PEG-cRGD/DOX than in all other
cases.

To conclude on the pH decrease effect, the ΔGa values estimated by
MetaD simulations at pH 7.4 and 5.5 correctly reproduce the trend ex-
pected from experimental data. According to the Boltzmann distribu-
tion, the difference between the adsorption free energy values for DOX
on GOi-PEG-cRGD and GOi(COOH/OH)-PEG-cRGD, i.e. at neutral or
acidic pH, corresponds to a 2-fold increase in the probability of finding
DOX in the solvent under acidic conditions. We cannot exclude that
other additional effects play a complementary role in the release pro-
cess. One could be related to the DOX concentration. We must point out
that the experimental GO loading capacity of 1.43 mg/mg [29] corre-
sponds to the simultaneous adsorption of almost 30 DOX molecules on a
GO dot of the size of the one used in this work according to the various
adsorption modes found in this work and even interacting among
themselves.

3. Conclusions

In this study, we successfully built two types of models of bare and
coated graphene oxide dots: (i) the more realistic islandmodels, in which
highly oxidized areas coexist with graphitic unoxidized regions and (ii)
the random models, which feature a homogeneous arrangement of GO
functional groups.

We found that the water solvation of oxygen-containing groups is
reduced in island GO dot, in favor of a higher content of intramolecular
H-bonds, with respect to the random one. We observed that PEGylation
of both GO dots – at a grafting density similar to the experimental values
– does not lead to a complete sheltering of GO surface, yet to a partial
coverage of both graphitic and oxidized areas. The conjugation with a
cyclic RGD targeting ligand does not affect the system behavior since the
targeting ligand is highly solvated.

As a next step, to achieve a deep atomistic and quantitative under-
standing of DOX adsorption modes on bare island and random GO dots
and on cRGD-conjugated PEGylated island GO dots, we used MetaD
method for an enhanced sampling of adsorption events. We found
several configurations involving different sites, which can be grouped
into three main categories, according to the DOX orientation with
respect to the GO plane and based on the key interactions: (i) the most
thermodynamically stable mode in which DOX aromatic portion aligns
with GO surface and interacts mainly with aromatic/hydrophobic in-
teractions, (ii) the second most thermodynamically stable mode in
which DOX hydrophilic portion also plays a significant role establishing
hydrogen-bonding and electrostatic interactions, (iii) the least thermo-
dynamically stable mode in which the aromatic portion points towards
the solvent and DOX scarcely interacts with GO surface through its hy-
drophilic portion.

Based on our calculations, two important facts emerge: 1) PEGyla-
tion does not significantly alter the availability of DOX adsorption
modes but causes a reduction of the adsorption free energy, as a
consequence of the competition between DOX and PEG for the adsorp-
tion on GO surface; 2) when GO is homogeneously oxidized (random
GO), the most stable adsorption mode (π-π stacking) becomes rare and
less stable with respect to the island model and DOX mostly binds
through electrostatic and H-bond interactions.

As far as the effect of a change towards acidic pH conditions on the
GO/DOX affinity, we investigated two modified models, where the
carboxylate groups at the GO edges were protonated back to carboxylic
acids and, further, some epoxide rings on the surface were opened to
diols. Indeed, in both cases the free energy of adsorption is computed to
be reduced, facilitating and accelerating the DOX release, in line with a
pH-triggered release mechanism.

Therefore, our findings allow to outline the features of the ideal
graphene-based DOX carrier, which is highly oxidized, PEGylated GO
decorated with cRGD targeting ligands. The pH-triggered drug release is
expected to be enhanced for several reasons: 1) high extent of oxidation
reduces the graphitic regions on the surface, avoiding the strong DOX
adsorption by π-π stacking that would not be triggered by pH-change and
would excessively stabilize DOX, while favoring electrostatic in-
teractions and H-bonds; 2) PEGylation improves biocompatibility and
in-vivo circulation time but does not affect DOX adsorption on GO; 3)
cRGD is also not detrimental for DOX loading but will improve selec-
tivity for the target site.

To conclude, we believe that our study does not only provide an

Fig. 10. Time evolution and reweighted histograms (calculated by kernel density estimate) of the minimum distance between the protonated N atom of DOX and the
carboxyl O atoms of GO computed along (A) GOi-PEG-cRGD, (B) GOi(COOH)-PEG-cRGD and (C) GOi(COOH/OH)-PEG-cRGD MetaD simulations.
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advancement in the atomistic understanding of drug loading on
graphene-based systems, but also important insights into the influence
of the oxidation pattern and of a realistic PEG coating for experimen-
talists to design effective controlled drug release strategies. From a
theoretical perspective, the MetaD protocol employed in this study could
be utilized to investigate the adsorption of other clinically relevant drug
molecules on graphene oxide.

4. Methods

4.1. Building the models of bare and functionalized GO dots

To build bare GO flake-shaped models we made use of Make-
Graphitics library [42], which includes a random forest model that ox-
idizes graphene according to the high correlation between oxidation loci
found by Yang et al. [11]. The groups added on graphene are hydroxyl
and epoxy groups on the basal plane and phenol hydroxyl and carboxyl
groups on the edges. We built two GO models differing only in the way
oxygen groups are arranged: an island model (GOi) with hydroxyl and
epoxide groups concentrated in oxidized “islands” along with graphitic
regions, and a randommodel (GOr), in which the same number of groups
is randomly placed on the surface. To achieve this, we ran carbox-
yl_ions_with_counterions.py script with two different values for new_-
island_freq parameter, which is the frequency at which new oxidized
islands are initiated. The default 1014 value was used for GOi and 1028

for GOr. Moreover, we assured that the ratio between the number of
oxygen groups on each side of the flake is close to one and we run the
script enough times to get the same chemical composition and functional
groups type and number for GOi and GOr. After running the script, we
manually added hydroxyl groups on unstable sp2- hybridized carbon
atoms surrounded by only sp3-hybridized C. The parameters used to run
the program are listed in Table S5, whereas the characteristics of the
models in Table 5 and Table S6. Our models differentiate from the
common Lerf- Klinowski model, [78] which is the most widely used in
computational GO works and contains only hydroxyl, epoxide and
carboxyl groups randomly arranged on the surface.

Both island and randommodels share the same diameter of 50 Å, non-
stoichiometric structural formula of C2.5O1H0.8, [10] and the same C/O
ratio of 2.5, which is a common value for GO synthetized with the
modified Hummers’ method [7] that is widely used for GO biomedical
applications. [23,27,33,54,64,68] Moreover, the ratio between the
groups on the edges and on the basal plane of the GO dot (edge/basal
ratio in Table 5), agrees with the values found in Ref. [79] The pro-
tonation of the carboxyl groups at the edges of the GO dot was set ac-
cording to their pKa values [51] with Henderson-Hasselbach equation
for physiological pH (7.4), which predicts that 6 out of 7 COOH are in
their deprotonated state. [51] This results in a charge density of –51C
g–1 in agreement with the experimental one [51] and with GO negative
zeta potential values. [29] In the first column of Fig. 1 the structures of
island and random bare GO models are represented with atoms colored
according to the type of group they belong to.

Subsequently, both bare GO models were functionalized with four
NH2-PEG1000-COO– chains to provide them with stealth properties or

with four NH2-PEG1000-cRGD chains to provide them also with active
targeting ligands. PEG1000 is a polyethylene glycol chain composed of 22
monomeric units yielding a molecular weight of approximately 1000 g
mol-1 and cRGD stands for c(RGDyK), an RGD-based cyclic pentapeptide
commonly used for integrin αVβ3 targeting. A very similar functionali-
zation pattern was achieved experimentally by Bidram et al. [20] The
number of PEG or PEG-cRGD chains corresponds to a weight percentage
to 25 % wt and was set to correspond to the upper limit of the weight
percentage range reported from the TGA characterization of PEGylated
GO (4-25 %) in the experimental works, [20,33,54–56] after normali-
zation by the molecular weight of the PEG chain. Therefore, the model
PEG grafting density is consistent with the experimentally achievable
one for a system of this size. In particular, two PEG chains are connected
to the basal plane, as a result of an epoxide ring opening reaction
(Fig. S4A) and the other two are bonded to the edge carboxylic groups
from an amidation process (Fig. S4B). This choice allows to obtain a
uniform PEGylation of the GO dot and takes into account that the most
commonly used technique, i.e., the amidation, is not chemoselective
[10] and, therefore, the amine will also produce the epoxide ring
opening on the surface. The same couple of functionalization strategies
was also considered in the computational work by Alberto Arenas-
Blanco et al. [80] The structure and the topology files of PEGylated
and cRGD-conjugated PEGylated models were obtained with in-house
python script.

To investigate pH-triggered DOX release, we have selected the island
GO-PEG-cRGD model and modified it to mimic the most probable pro-
tonation state of ionizable groups at a slightly acidic pH of 5.5. A
reference model was built by protonating the edge carboxylic groups,
yielding a neutral model referred to as GOi(COOH)-PEG-cRGD. To
represent a more realistic model, in addition to edge carboxylic groups
protonation, 30 % of the basal epoxide groups were opened, i.e., 27
epoxide groups that were randomly chosen on the surface and equally
distributed on both sides of the GO surface. Each epoxide group was
opened by breaking one of the C–O epoxide bonds, protonating the
epoxide O atom and adding a new hydroxyl group on the carbon atom
which was left with only three bonds on the other side of the GO plane
with respect to the original epoxide group, by means of an in-house
python script which performs the required modification to structure
and topology files. This latter model is called GOi(COOH/OH)-PEG-
cRGD. We note that the COO– groups of cRGD aspartate residues were
not modified because they are fully deprotonated at pH = 5.5 according
to their pKa value (3.71).

The electrostatic potential around GOi-PEG-cRGDmodels at different
pH was calculated with Adaptive Poisson-Boltzmann Solver (APBS)
through the dedicated server https://server.poissonboltzmann.org/.
[81] The dielectric constant of the solute molecule was set to 1, the
dielectric constant of the solvent to 78.54, the radius of the solvent
molecules was set to 1.4 Å for a water-like molecular surface, the ionic
strength to 0.15 M with ions of a radius of 2 Å and the temperature was
298.15 K. OPLS-AA charges and radii were used for GO dots atoms. The
molecular surface in Fig. 8 was represented with VMD [82] by using a
probe radius of 1.4 Å.

4.2. Unbiased MD simulations

GOmodels and liquid water were described using the OPLS-AA force
field [83] and the TIP4P water model, [84] respectively. This is a
common FF combination for solvated GO [70,85–88] and it was re-
ported to reproduce conformational and hydration energetics of hy-
drocarbons from electronic structure theory calculations. [83] The GO
atom types and parameters are reported in Table S7. The GO dot pa-
rameters were assigned by MakeGraphitics library [42] in the LAMMPS
topology format, which we converted into the GROMACS with an in-
house python script. For PEG-COO–, PEG-cRGD and DOX molecules we
used LigParGen [89–91] to assign the OPLS-AA force field parameters
and calculate the partial atomic charges according to CM1A charge

Table 5
Characteristics of GO dot models. A complete list can
be found in Table S6.

Dot diameter [Å] 50
Atoms 1037
Mass [g mol-1] 11,367
C/O ratio 2.5
H/O ratio 0.80
Hydroxyl groups 140
Epoxy groups 89
Carboxyl groups 7
Edge/basal ratio 0.06
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model.
The bare or functionalized GO dots were put in cubic boxes of water

molecules using GROMACS preparation tools [92] (80 × 80 × 80 Å3,
130 × 130× 130 Å3 and 140× 140× 140 Å3 sized boxes for GOi/r, GOi/
r-PEG and GOi/r-PEG-cRGD, respectively). The appropriate number of
Na+ and Cl– ions were added to neutralize the system charge and mimic
the physiological concentration of 0.15 M. Each of the six systems was
minimized with steepest descent algorithm and then heated to 310 K in
2 ns and equilibrated for another 2 ns at constant T and pressure (1 bar).
Two replicas of a NPT MD simulation were run for each system,
assigning different initial velocities. The V-rescale thermostat [93] with
a coupling constant of 1.0 ps and Parrinello-Rahman barostat [94] with
a coupling constant of 2.0 ps were used to control temperature (310 K)
and pressure (1 bar). We employed LINCS algorithm to constrain the
bonds involving H atoms and Newton’s equations of motion were inte-
grated with leap-frog algorithm and a timestep of 2.0 fs. Long-range
electrostatic interactions were handled with Particle Mesh Ewald
method [95] with a cutoff distance of 11 Å, while short-range repulsive
and attractive interactions were treated by Lennard-Jones potential with
cutoff of 11 Å. Geometric Lennard-Jones combining rules and OPLS-AA
[83] 1,4 intra-nonbonded scaling were used. Periodic Boundary Con-
ditions were imposed. All minimization, equilibration, and production
steps were performed with open-source GPU-accelerated GROMACS
code (version 2022). [92].

We ran 100 ns-long MD simulations for GOi/r and 150 ns-long MD
simulations for GOi/r-PEG and GOi/r-PEG-cRGD. A summarizing table
with relevant details of all unbiased MD simulations performed in this
work is included in the Supplementary Material (Table S8). The
convergence was checked with the trend of solvent accessible surface
area and radius of gyration in time (Fig. S5). The last 50 ns of each
simulation were considered as the production phase for analyses. The
average thickness is the average height of the system in the direction
perpendicular to the GO dot plane and was calculated with a tcl script in
VMD. [82] The Root Mean Squared Displacement (RMSD) was calcu-
lated with gmx rms taking equilibrated structure as the reference. Root
Mean Square Fluctuation (RMSF) was calculated with gmx rmsf. Solvent
Accessible Surface Area (SASA) was calculated with gmx sasa, with van
der Waals radii in Ref. [96] and with a probe radius of 1.4 Å. H-bonds
were counted with gmx hbond according to following geometrical
criteria: (1) the distance between the H-bond donor and the H-bond
acceptor heavy atoms is less than 3.0 Å; (2) the angle H-donor-acceptor
is less than 20◦. Non-bonded interaction energies were calculated with
gmx energy and summing van der Waals and coulombic energy contri-
butions. The radius of gyration of each polymer chain was calculated
with gmx gyrate. Contacts were counted with gmx mindist and a cutoff of
4 Å. VMD was used for structural representations. [82] Radial distri-
bution functions, g(r), were obtained with gmx rdf with a bin size of 0.2
Å and the appropriate normalization option. Number density profiles
were obtained with gmx density after aligning the trajectory so that GO
flake is perpendicular to the z-axis and positioned in the center of the
simulation box. The number density profile for negative z values was
averaged with its corresponding profile for positive z values. When not
otherwise stated, the structures in the figures are always taken from the
first replica, because the two replicas gave similar results. When results
of both replicas are reported, they are referred to as replica (i) and
replica (ii).

4.3. Metadynamics simulations

MetaD is an enhanced sampling method based on the introduction of
a history-dependent bias potential applied to a small number of suitably
chosen collective variables (CVs). To justify the need of MetaD, we first
performed 500 ns-long unbiased MD simulations for the island or the
random GO dot in complex with a DOX molecule, with its amino group
protonated (pKa = 8.3 [62]). The same simulation box size used for
unbiased simulations of GO dots alone was used and DOX was put at a

distance of at least 30 Å from the GO dot. The same force field param-
eters listed in Section 4.2 were used. LigParGen [89–91] was used to
assign the OPLS-AA force field parameters and calculate the partial
atomic charges according to CM1A charge model for protonated DOX
molecule. The same simulation protocols described in Section 4.2 were
employed. In particular, we ran three simulations starting from different
GO/DOX relative orientations or with different restraint treatment
applied to the GO flake for island GO/DOX and one simulation random
GO/DOX. Relevant details of these simulations are included in Table S8.
We observed that DOX readily adsorbed on one site of the GO dot and
does not diffuse to different regions within the simulation time (please
see Fig. S7).

In this work, for MetaD simulations, both island and random GO dots
and cRGD-conjugated PEGylated island GO dot equilibrated structures
were put in rhombic dodecahedral boxes with boundaries set at 20 Å
(bare GO) and 25 Å (functionalized GO) from the solute using the
GROMACS preparation tools. [92] One protonated DOX molecule was
put at a distance of at least 30 Å from GO dot. The box was filled with
water molecules at the experimental bulk water density and the
appropriate number of Na+ and Cl– ions were added to neutralize the GO
charge and mimic the physiological concentration of 0.15 M. The same
force field parameters listed in Section 4.2 for GO dots and above for
DOX were used. The three systems were minimized with steepest
descent algorithm and equilibrated for 2 ns at 310 K and for another 2 ns
at 310 K and 1 bar. Then, we set up MetaD simulations according to the
protocol already evaluated by our group and originally applied to the
case of DOX loading on a TETT-functionalized TiO2 NP. [49,97] We
performed standard MetaD, biasing the distance d between the center of
mass of DOX ring C and the closest C atom of the GO dot (Fig. 4A), which
was calculated with the command DISTANCE and option LOWEST, and
imposed a restraint on the GO dot C atoms at the equilibrated structure
with a force constant of 10,000 kJ mol− 1 nm− 2. Indeed, ring C is the
central ring of the aromatic hydroxyanthraquinone of DOX, which is
meant to drive the hydrophobic interaction with GO. [30] We are aware
that the chosen collective variable does not describe either the relative
position or the relative orientation of the drug with respect to the flake.
This type of description would require at least two additional CVs, which
would make the MetaD run inefficient – fewer adsorption events would
happen in the same simulation time – and slow to converge, as we
proved in our previous work, [49] where we showed that biasing only
the drug-carrier distance gave the best outcome in terms of convergence
and accuracy. In all the MetaD simulations, we used a height of the
gaussian hills of 0.5 kJ mol− 1 with a pace of deposition of 3 ps. The
width of the gaussian hills was set to about a half of the standard de-
viation of d during the unbiased MD simulations mentioned earlier in
this section. An upper wall (command UPPER_WALLS) at a d value of 30
Å and 35 Å was applied for the bare and functionalized GO dot simu-
lations, respectively. Similar parameters were used in our previous
work. [49] MetaD simulations were run in the NPT ensemble at 310 K
and 1 bar, which were kept constant by the same thermostat and
barostat used in unbiased MD simulations, with the same related pa-
rameters. The same setup and protocol used for cRGD-conjugated
PEGylated island GO at pH 7.4 was also adopted for the two models of
cRGD-conjugated PEGylated island GO at pH 5.5, GOi(COOH)-PEG-
cRGD and GOi(COOH/OH)-PEG-cRGD. All MetaD simulations were run
with GPU-accelerated GROMACS code (version 2022) [92] and the
open-source, community-developed PLUMED library, [98] version 2.8.
[99] A summarizing table with relevant details of all MetaD simulations
performed in this work is included in the Supplementary Material
(Table S9).

The free energy profiles in Figs. 5 and 9 were obtained with sum_hills
tool as the average free energy profile from 800 ns to the end of the
simulation. The profiles have been scaled so that the free energy value in
the plateau region, corresponding to non-adsorbed states, equals to 0
kcal mol–1.

The DOX adsorption free energy values, ΔGa, in Table 3 correspond
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to the average of the values shown in Figs. S8 and S16 in the time range
from 800 ns to the end of each MetaD simulation. Each ΔGa value, along
the MetaD simulation, was calculated as

ΔGa = − kBTlnKa (1)

where kB is the Boltzmann constant, T is the temperature, Ka is the
adsorption equilibrium constant. The adsorption equilibrium constant
Ka was, in turn, calculated with a Boltzmann-weighted summation
approach that integrates the free energy landscape obtained by the
sum_hills tool as

Ka =

∑15 Å

d=0 Å
exp

[

−
Gd − G*mean

kBT
• bind

]

nG*mean • bind
(2)

where Gd is the value of the free energy at distance d and the summation
runs from d = 0 Å to the boundary between adsorbed and non-adsorbed
(solvated) DOX states (15 Å), G*mean is the reference free energy for the
non-adsorbed states, calculated as the mean free energy value in the
range d= 15-25 Å, bind is the bin size for d (1 Å) and nG*mean is the number
of values used to calculate G*mean. The d values farther than 25 Å are
neglected to avoid any spurious effect coming from the wall set at 30 Å
or 35 Å. The above procedure was made possible with as in-house py-
thon script. Since the drug adsorbed on different regions of the GO flake
during MetaD – as it is shown in Fig. 4 – we consider the free energy
estimates ΔGa as the average of the different adsorption modes, which
could all be sampled experimentally in the presence of a much higher
number of DOX molecules per GO dot. The convergence of the simula-
tions was assessed by monitoring the trend of the adsorption free energy
running average and estimating the error on the estimated free energy
surface with block average (Fig. S8 and S16).

PLUMED library was also used to unbias and reweight the simulation
with other CVs which were not initially biased:

(i) the torsional angle θ defined in Fig. S11, which approximately
describes the orientation of the DOX molecule with respect to GO
average plane (command TORSION);

(ii) the coordination number between DOX protonated amino group
and O atoms of GO (command COORDINATIONwith R_0= 4.0 Å,
D_0 = 0, NN = 100, and MM = 200 for the associated rational
switching function);

(iii) the x,y,z coordinates of DOX ring C in Fig. 4A (command POSI-
TION). From the 4-dimensional free energy surface reweighted
on x, y and z values, the minimum energy points moving away
along z – up and down the GO dot – from each C atom of GO were
selected, plotted and colored according to their free energy value
in Fig. 7. The complementary maps which indicate the z value of
each (x,y) point, also in Fig. 7, indicate at which distance the (x,y)
point, i.e., ring C of DOX, is from the GO dot.

In all cases, the MetaD simulation was post-processed to calculate the
additional collective variable(s) along the trajectory, then
REWEIGHT_BIAS command was employed to calculate weights that
negate the effect of both MetaD and upper wall biases, according to an
umbrella-sampling-like reweighting approach. [100] Finally, HISTO-
GRAM command was used to obtain the free energy surfaces and maps
in Figs. 7, S11, and S12. In-house python scripts were used to calculate
and plot the H-bonds reweighted frequency in Fig. S13 and the distance
in Fig. 10, which was calculated with gmx mindist tool. All the other
analyses were performed as detailed in Section 4.2. To identify and
classify DOX adsorption modes among different MetaD simulations, a
SOM was trained as in Section 4.3.1.

4.3.1. SOM
For the characterization of DOX adsorption modes to GO surface we

used the PathDetect-SOM tool [101] based on the kohonen package.
[102,103] PathDetect-SOM was originally developed to cluster ligand/
protein adsorption events and reconstruct their pathways sampled along
single or multiple simulations, and recently used also for other types of
interactions, such as nanodevice/target and drug/carrier ones.
[49,104,105] The tool performs two tasks: (i) training of a SOM (Self-
Organizing Map), which is an unsupervised learning method, [106] with
a chosen set of ligand–protein intermolecular distances as input features
and assignment of each simulation frame to a neuron on the map, which
represents a ligand/protein configurational microstate; (ii) clustering of
the neurons by agglomerative hierarchical clustering with complete
linkage and Euclidean distance. A 10 × 10 sheet-shaped SOM with a
hexagonal lattice shape and without periodicity across the boundaries
was trained using 40 DOX-GO intermolecular distances computed only
for the frames in which at least one GO-DOX contact occurs (cutoff of 4
Å) along the three MetaD simulations (frames every 150 ps were
considered). The latter ones are the distances between DOX N, C and O
atoms highlighted in Fig. S9 (atom 3, 10a, O(14), O(4*), N(3*)) and its
four closest GO oxygen atoms and its four closest GO carbon atoms. The
choice of the closest atoms instead of specific atom allows to account for
DOX exploring different areas on both GO planes and edges. This set of
distances was chosen to obtain a good description of the interaction of
both the anthraquinone ring and the sugar ring of DOX with GO. The
optimal number of clusters for neurons clustering was selected as the
one corresponding to the second maximum of the Silhouette profile
(Fig. S10).

CRediT authorship contribution statement

Giulia Frigerio: Writing – original draft, Visualization, Investiga-
tion, Formal analysis, Data curation, Conceptualization. Stefano Motta:
Writing – review& editing, Methodology, Formal analysis. Paulo Siani:
Writing – review & editing, Formal analysis. Edoardo Donadoni:
Writing – review & editing, Formal analysis. Cristiana Di Valentin:
Writing – review & editing, Supervision, Resources, Project adminis-
tration, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare no conflict of interest.

Data availability

The authors declare that all data generated or analyzed during this
study are included in the main text and supplementary figures and ta-
bles. The data supporting the findings of this study are available from
the corresponding author upon reasonable request.

Acknowledgments

The authors are grateful to Lorenzo Ferraro for his technical support
and to Daniele Perilli, Enrico Bianchetti and Omar Abou El Kheir for
useful discussion. The research leading to these results has received
funding from the European Union – NextGenerationEU through the
Italian Ministry of University and Research under PNRR – M4C2-I1.3
Project PE_00000019 “HEAL ITALIA” to Prof. Cristiana Di Valentin
CUP H43C22000830006 of the University of Milano-Bicocca.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jconrel.2025.01.020.

G. Frigerio et al. Journal of Controlled Release 379 (2025) 344–362 

359 

https://doi.org/10.1016/j.jconrel.2025.01.020
https://doi.org/10.1016/j.jconrel.2025.01.020


References

[1] P. Mi, H. Cabral, K. Kataoka, Ligand-installed nanocarriers toward precision
therapy, Adv. Mater. 32 (2020), https://doi.org/10.1002/adma.201902604.

[2] J. Ouyang, S. Rao, R. Liu, L. Wang, W. Chen, W. Tao, N. Kong, 2D materials-based
nanomedicine: from discovery to applications, Adv. Drug Deliv. Rev. 185 (2022)
114268, https://doi.org/10.1016/j.addr.2022.114268.

[3] P. Siani, S. Motta, L. Ferraro, A.O. Dohn, C. Di Valentin, Dopamine-decorated
TiO2 nanoparticles in water: a QM/MM vs an MM description, J. Chem. Theory
Comput. 16 (2020) 6560–6574, https://doi.org/10.1021/acs.jctc.0c00483.

[4] H. Liu, P. Siani, E. Bianchetti, J. Zhao, C. Di Valentin, Multiscale simulations of
the hydration shells surrounding spherical Fe3O4 nanoparticles and effect on
magnetic properties, Nanoscale 13 (2021) 9293–9302, https://doi.org/10.1039/
D1NR01014J.

[5] N. Karki, H. Tiwari, C. Tewari, A. Rana, N. Pandey, S. Basak, N.G. Sahoo,
Functionalized graphene oxide as a vehicle for targeted drug delivery and
bioimaging applications, J. Mater. Chem. B 8 (2020) 8116–8148, https://doi.org/
10.1039/D0TB01149E.

[6] H. Sharma, S. Mondal, Functionalized graphene oxide for chemotherapeutic drug
delivery and cancer treatment: a promising material in nanomedicine, Int. J. Mol.
Sci. 21 (2020) 6280, https://doi.org/10.3390/ijms21176280.

[7] D.C. Marcano, D.V. Kosynkin, J.M. Berlin, A. Sinitskii, Z. Sun, A. Slesarev, L.
B. Alemany, W. Lu, J.M. Tour, Improved synthesis of graphene oxide, ACS Nano 4
(2010) 4806–4814, https://doi.org/10.1021/nn1006368.

[8] M. Wei, T. Lu, Z. Nong, G. Li, X. Pan, Y. Wei, Y. Yang, N. Wu, J. Huang, M. Pan,
X. Li, F. Meng, Reductive response and RGD targeting nano-graphene oxide drug
delivery system, J. Drug Deliv. Sci. Technol. 53 (2019) 101202, https://doi.org/
10.1016/j.jddst.2019.101202.

[9] O. Akhavan, E. Ghaderi, Graphene nanomesh promises extremely efficient in vivo
photothermal therapy, Small 9 (2013) 3593–3601, https://doi.org/10.1002/
smll.201203106.

[10] S. Guo, S. Garaj, A. Bianco, C. Ménard-Moyon, Controlling covalent chemistry on
graphene oxide, Nat. Rev. Phys. 4 (2022) 247–262, https://doi.org/10.1038/
s42254-022-00422-w.

[11] J. Yang, G. Shi, Y. Tu, H. Fang, High correlation between oxidation loci on
graphene oxide, Angew. Chem. 126 (2014) 10354–10358, https://doi.org/
10.1002/ANGE.201404144.

[12] S. Freddi, D. Perilli, L. Vaghi, M. Monti, A. Papagni, C. Di Valentin, L. Sangaletti,
Pushing down the limit of NH3 detection of graphene-based Chemiresistive
sensors through functionalization by thermally activated tetrazoles dimerization,
ACS Nano 16 (2022) 10456–10469, https://doi.org/10.1021/acsnano.2c01095.

[13] S.S. An, S.-Y. Wu, J. Hulme, Current applications of graphene oxide in
nanomedicine, Int. J. Nanomedicine 10 (2015) 9, https://doi.org/10.2147/IJN.
S88285.

[14] S.S. Sekhon, P. Kaur, Y.-H. Kim, S.S. Sekhon, 2D graphene oxide–aptamer
conjugate materials for cancer diagnosis, NPJ 2D, Mater. Appl. 5 (2021) 21,
https://doi.org/10.1038/s41699-021-00202-7.

[15] M. Papi, V. Palmieri, L. Digiacomo, F. Giulimondi, S. Palchetti, G. Ciasca,
G. Perini, D. Caputo, M.C. Cartillone, C. Cascone, R. Coppola, A.L. Capriotti,
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