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ABSTRACT: Magnetic nanoparticles (MNPs) represent one
of the most promising materials as they can act as a versatile
platform in the ﬁeld of bionanotechnology for enhanced
imaging, diagnosis, and treatment of various diseases. Silica is
the most common compound for preparing coated iron oxide
NPs since it improves colloidal stability and the binding
aﬃnity for various organic molecules. Biomolecules such as cell
penetrating peptides (CPPs) might be employed to decorate MNPs, combining their promising physicochemical properties with
a cell penetrating ability. In this work, a computational investigation on adsorption of Antennapedia homeodomain-derived
penetrating peptide (pAntp) on silica and magnetite (MAG) surfaces is presented. By employing umbrella sampling molecular
dynamics, we provided a quantitative estimation of the pAntp−surface adsorption free energy to highlight the inﬂuence of surface
hydroxylation state on the adsorption mechanism. The interaction between peptide and surface has shown to be mainly driven by
electrostatics. In case of MAG surface, also an important contribution of van der Waals (VdW) attraction was observed. Our data
suggest that a competitive mechanism between MNPs and cell membrane might partially inhibit the CPP to carry out its
membrane penetrating function.

■

INTRODUCTION
The discovery of cell-penetrating peptides (CPPs) represents
an important breakthrough for the delivery of large cargo
molecules or nanoparticles for several clinical applications. A
main feature of CPPs is the ability to penetrate the cell
membrane at low micromolar concentrations in vivo and in
vitro, without binding any chiral receptor and without causing
signiﬁcant membrane damage.1
TAT peptide2,3 and Drosophila Antennapedia homeodomainderived penetrating peptide (pAntp)4,5 are the most extensively
studied CPPs. In particular, the pAntp is a 16-residue long
cationic peptide derived from the third helix of the
homeodomain of the Drosopyila transcription factor Antennapedia. This amphipatic CPP is positively charged at neutral
pH (since it contains four lysine and three arginine residues).
Interestingly, the pAntp is able to cross the biological
membrane and to penetrate a hydrophobic environment
upon interaction with negatively charged molecules like
phosphatic acid (PA) or phosphatidylserine (PS).6 However,
mechanisms by which pAntp comes into the cells have not
been completely understood. Proposed mechanisms7,8 of
pAntp cellular uptake hypothesize direct crossing of the peptide
through the membrane at low peptide concentrations (1 μM)
and an endocytotic pathway at high concentrations (10 μM). A
© 2015 American Chemical Society

number of studies have suggested that pAntp amphiphilicity
may not be enough to drive the membrane penetration,
indicating instead tryptophan as key player.9 Replacement of
tryptophan by phenylalanine resulted in a loss of penetration
activity when interacting with membranes and bicelles.
Moreover, a recent computational work has characterized the
mechanism by which pAntp binds to DPPC bilayers, proposing
arginine, lysine, and tryptophan as driving the penetration.10
This extraordinary ability of CPPs to penetrate the cell
membrane has brought to designate them as perfect
functionalization molecules for drug delivery systems.
For example, pAntp might be employed to decorate magnetic
nanoparticles (MNPs), thus combining their fascinating
physicochemical properties with a cell penetrating ability to
design novel eﬀective therapeutic strategies as well as
innovative biotechnology methodologies. Size, biocompatibility,
and excellent magnetic properties have made MAG and silicacoated MAG the object of a remarkable amount of research in
the past decade, and numerous biomedical applications have
been reported.11−13 Recently, MNPs combined with magnetic
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ﬁelds were used to enable cell positioning under nonpermissive
conditions, local gene therapy, and/or optimization of MNPassisted lentiviral gene transfer.14−16
Functionalization strategies comprise, among others, grafting
with organic molecules, including small biomolecules such as
CPPs and/or coating with an inorganic layer (e.g., silica).17−20
Design and properties prediction of functionalization
strategies may be addressed by computational molecular
modeling. In this context, Kubiak-Ossowska and co-workers
have recently employed computational modeling to investigate
the adsorption of TAT peptides onto three silica surface
models.21 This work has suggested that TAT−silica adsorption
mechanism is driven by electrostatic and hydrophobic
interactions mainly involving arginine residues and the
nanoparticle surface.
Here, we focus our attention on the pAntp and its adsorption
on MAG and silica surfaces. A computational study aimed at
understanding the noncovalent interactions between pAntp and
MAG/silica surfaces is reported. Estimating the aﬃnity of
diﬀerent surfaces for the same peptide is one example where
the calculation of the free energy proﬁle plays a relevant role.
Most free energy calculations are generally formulated by
estimating the relative free energy diﬀerences, ΔG, between two
equilibrium states. The free energy calculation could require to
overcome high energy barriers (Ebarrier ≫ kT), rarely sampled
by equilibrium MD simulations. Thus, the conformational
ensemble provided by classical MD simulations might not be
adequate. In this connection, enhanced sampling methods
represent a powerful tool to improve the sampling eﬃciency of
classical MD, including those that artiﬁcially add external
driving forces to guide the protein from one structure to
another. In this work, binding free energy has been evaluated by
means of umbrella sampling molecular dynamics. Following
this approach we have investigated the eﬀect of diﬀerent
hydroxylation states on the pAntp−surface adsorption properties.
With respect to previous literature and in particular to the
interesting investigation of Kubiak-Ossowska and co-workers,21
we highlight some elements of diﬀerence in our work: (1) we
focused our investigation on the pAnt CPP, (2) we have
investigated the CPP adsorption onto both silica and magnetite,
and (3) we have employed both classic MD and umbrella
sampling to investigate the CPP adsorption over a speciﬁc
surface.
Our data are in agreement with previous works, highlighting
that the pAntp−surface adsorption, like the TAT−surface
interaction,21 is mainly driven by electrostatics and involves
arginine, lysine, and tryptophan. Thus, a competitive
mechanism between MNPs and cell membrane, both
interacting with the same sites of pAntp, might partially inhibit
the CPP to carry out its penetrating function.

■

top (named SIO2); fully hydroxylated silica surface decorated
by silanol (Si−OH) groups (named hSiO2).
The silanol density and type, determining the hydrophilicity
of the surface, are related. Three diﬀerent types of silanol can be
identiﬁed: single silanol, geminal (two hydroxyl groups per
silicon), and vicinal or bridged OH groups. Each type of silanol
shows diﬀerent hydrophilicity, hydrogen-bonding aﬃnity, and
adsorption energy. In particular, for a hydroxyl site density
greater than 3 per nm2, almost all of the silanol groups on the
surface are isolated,23 in close agreement with our hSiO2. The
hSiO2 model was obtained by saturating the dangling silicon
and oxygen atoms with hydroxyl groups and hydrogen,
respectively, following the computational procedure carried
out in a recent work.24 The obtained silanol density in the
hSiO2 surface model is about 5 per nm2 according to
Zhuravlev’s model.23
The clay force ﬁeld25 (hydroxyl bonds and silanol angles)
have been employed for the surface topology. The clay force
ﬁeld, parametrized for biochemical simulations, provides a high
degree of ﬂexibility in term silica decoration with organic
molecules.24 Moreover, it has proven to be very successful in
describing the water−silica interaction in comparison to
scattering experiments and ab initio simulations.26,27 Partial
charges optimization was performed by using GULP28 (Rappe
and Goddard’s charge equilibration method29). During the MD
simulations, the bulk of the plates was restrained, and only the
silanol groups and their neighboring bulk oxygen atoms were
allowed to move.
Preparation of the Magnetite Surface. The MAG
atomic coordinates were obtained by Crystallography Open
Database (COD ID: 1011084). The unit cell has a size of 8.39
Å and contains 28 atoms, 12 iron and 16 oxygen atoms,
resulting in an oxygen/iron ratio of 4:3. For the MAG surface
model, a slab of 40 Å × 40 Å × 20 Å was generated. Two
variants of the surface were created: MAG surface with FeO
groups only on the top (named MAG); fully hydroxylated
MAG surface decorated by Fe−OH) groups (named hMAG).
The hMAG model was obtained following the same procedure
carried out for the amorphous silica preparation. More in depth,
the dangling iron and oxygen atoms were saturated with
hydroxyl groups and hydrogens, respectively. Clay force ﬁeld25
(hydroxyl bonds and Fe−O−H angle) have been employed for
MAG topology. Partial charges optimization was performed by
using GULP28 (Rappe and Goddard’s charge equilibration
method29).
Preparation of the PAntp Model. The NMR model of
the pAntp (sequence RQIKIWFQNRRMKWKK) was taken
from the Protain Data Bank (PDB ID: 1OMQ30) . The
CHARMM22/CMAP31,32 force ﬁeld was employed to deﬁne
the pAntp topology, since that it has been demonstrated that
the CLAYFF and CHARMM force ﬁelds are compatible and
can be used together.27,33−35
Molecular Dynamics. We set up four diﬀerent molecular
systems: (a) MAG−pAntp, (b) hMAG−pAntp, (c) SIO2−
pAntp, and (d) hSIO2−pAntp. The pAntp is placed at 2 nm
from the surface center of mass (COM). Each molecular
system, initially placed in a cubic box of 6 nm × 6 nm × 6 nm
and explicitly solvated, consisted of about 40 000 interacting
particles.
The above-mentioned systems were ﬁrst minimized by
steepest descent energy minimization algorithm followed by a
preliminary position restrain MD of about 100 ps in
isothermal−isobaric ensemble. A steered molecular dynamics

MATERIALS AND METHODS

Preparation of the Amorphous Silica Surface. The
atomic structure of the amorphous silica has been modeled by
means of the Inorganic Builder Plugin of the Visual Molecular
Dynamics tool.22 The size of the silica cubic unit cell was 7.16 Å
and contained 24 atoms, 8 silicon and 16 oxygen atoms,
resulting in an oxygen/silicon ratio of 2:1. For the surface
model, a slab of amorphous silica with dimensions 40 Å × 40 Å
× 20 Å was generated. Two variants of the surface were
created: silica surface with siloxide (SiO−) groups only on the
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way, enough conﬁgurations were captured, thus obtaining a
regular spacing of 0.15 nm along the reaction coordinate.
On each conﬁguration a preliminary position restrained MD
in the NVT ensemble at 300 K was carried out for 50 ps
(restraints applied to the peptide backbone). Each system was
then simulated (2 fs time step) for 30 ns in the NVT ensemble
by applying a umbrella biasing potential with force constant of
1000 kJ mol−1 nm2 to constrain the distance between pAntp
and surface center of mass. The pAntp−surface energy proﬁle
was estimated by making use of the weighted histogram analysis
method (WHAM),36 applied on the last 10 ns of each umbrella
simulation. Umbrella sampling has been employed to
determine the best surface model in term of pAntp−surface
free energy of binding and thus adsorption stability.
Finally, three 100 ns long MD simulations were carried out
on identiﬁed “best” (in terms of surface−pAntp interaction
energy) surfaces to deeply investigate conformational and
energetic properties of residues mainly involved in the pAntp−
surface adsorption. Three independent system replicas (in
terms of peptide−surface orientation) for each identiﬁed
pAntp−surface system were generated by randomly orienting
the peptide at a distance of about 1 nm to the selected surface.
On each of the six generated replicas energy minimization,
position restrained dynamics and production dynamics (100
ns) were carried out. The last 50 ns of each replica were taken
together as data ensemble to be used for statistical analysis.
GROMACS 4.6 package has been used for all MD simulations
and data analysis.37 Other adopted simulation parameters, force
ﬁelds and tools employed for data analysis are reported in the
Supporting Information (Figures SI.1 and SI.2).

(SMD) simulation applied to the peptide CoM was carried out
on each system to obtain a number of initial conﬁgurations for
the umbrella sampling (US) along the reaction coordinate, i.e.,
the pAntp/surface-COM distance (Figure 1). In detail, the

■

RESULTS

Free Energy Proﬁle of PAntp−Surface Interaction. The
umbrella sampling procedure was employed to investigate the
free energy landscape of SIO2−pAntp and hSIO2−pAntp
interaction.29 The energy proﬁles, shown in Figure 2, were
reported as a function of pAntp−surface distance. Average
values and standard deviation calculated by bootstrap analysis
are reported. The energy well (ΔG = −18 kJ/mol) is located at
a distance value of about 1 nm for SIO2-pAntp (black curve,
Figure 2a), whereas the hSIO2−pAntp free energy proﬁle (red
curve, Figure 2a) is characterized by a deeper energy well (ΔG
= −50 kJ/mol) located at 0.6 nm. Thus, the pAntp−surface
distance at the energy minimum, as well as the free energy

Figure 1. Steered MD conﬁgurations in the case of pAntp-hSIO
system. The peptide CoM−surface slab initial distance was set up to 2
nm (a). A steered molecular dynamics simulation was carried out in
order to obtain a number of initial conﬁgurations for the umbrella
sampling along the reaction coordinate (e.g., b and c), i.e., the pAntp−
COM/surface distance.

pAntp was moved toward the surface by imposing a “constant
velocity” pull harmonic potential during a MD of 250 ps in a
NVT ensemble. Snapshots were recorded every 2 ps, resulting
in a reasonable distribution of initial US conﬁgurations. In this

Figure 2. (a) Free energy proﬁles of pAntp−silica system; positions a1 and a2 on the red curve indicate minima for the pAntp−hSiO2 free energy
proﬁle. (b) Free energy proﬁles of pAntp−magnetite system; positions b1 and b2 on the black curve indicate minima for the pAntp−hSiO2 free
energy proﬁle. Error bars were estimated by standard bootstrap analysis.
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orientation from perpendicular (snapshot a1 in Figure 3) to
parallel (snapshot a2 in Figure 3) with respect to the surface.
Figure 2b shows the free energy proﬁles for pAntp−MAG
(black curve, Figure 2b) and pAntp−hMAG (red curve, Figure
2b) adsorption as a function of pAntp−surface distance. By
analyzing the energy landscape of pAntp−hMAG (red curve,
Figure 2b) system, an energy well (−18 kJ/mol) at a pAntp−
hMAG distance around 1 nm is detected. The pAntp−MAG
adsorption is characterized by a deeper energy well (ΔG = −65
kJ/mol) located at of 0.5 nm (black curve, Figure 2b). The
surface hydroxylation state, as previously reported for peptide
adsorption on silica, strongly inﬂuences the free energy
diﬀerence as well as the pAntp−surface distance corresponding
to the energy minimum. Again, while no remarkable energy
barriers were detected analyzing the pAntp−hMAG adsorption
(red curve, Figure 2b), an energy barrier (8 kJ/mol) is detected
at a distance of 0.9 nm for the pAntp−MAG system (black
curve, Figure 2b). Also in this case, the adsorption is
characterized by a change in orientation of the peptide helical
axis (from position b1 to position b2 black curve, Figure 2b;
snapshots b1 and b2, Figure 3). In detail, at the energy
minimum (position b2 black curve, Figure 2b), the peptide
spreads on the surface maximizing the contact surface
(snapshot b2, Figure 3).
The free energy proﬁles reported in Figure 2 show that
hSIO2 and MAG are characterized by the deepest energy wells
and thus the best adsorption aﬃnity for pAntp.
Peptide−Surface Adsorption Mechanism. Three diﬀerent replicas of the pAntp−hSIO2 and pAntp−MAG system
were simulated for 100 ns. The peptide was randomly oriented
at the beginning of each simulation, with an initial separation
from the surface slab of 1 nm. From these simulations we
expected to obtain (i) information on the pAntp conformational changes while being adsorbed on the surface and (ii)
pAntp residues involved in the adsorption mechanism.

diﬀerence, seems to be strongly inﬂuenced by the surface
hydroxylation state. In detail, enhanced binding aﬃnity has
been observed in the presence of hydroxylated silica surface. In
the SIO2−pAntp interaction, no remarkable energy barriers are
detected (black curve, Figure 2a), while the hSIO2−pAntp free
energy proﬁle is characterized by a low energy barrier (10 kJ/
mol), located at 1 nm (red curve, Figure 2a). This behavior is
consequence of the diﬀerent peptide−surface orientation
(Figure 3). In particular, the energy landscape is divided in

Figure 3. Visual inspection of the pAntp interaction with hSIO (a1,
a2) and MAG (b1, b2) surface. The interacting residues are
highlighted in red (charged residues) and blue (polar residues).

two energetically most favorable regions: when entering the
ﬁrst one (position a1 red curve Figure 2a), the peptide is in a
standing position (snapshot a1 Figure 3), characterized by the
helical axis perpendicular to the hSIO2 surface. To overcome
the energy barrier, the pAntp changes the helical axis

Figure 4. (a) Equilibrium distance between each pAntp residue and the interacting surface (hSIO left and MAG right, respectively). (b) Molecular
mechanics energy decomposition among pAntp residues for pAntp−hSIO (left) and pAntp−MAG (right) systems. The charged residues are
highlighted in red, the polar residues are highlighted in blue, and the hydrophobic residues are highlighted in green.
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are characterized by a large surface-to-volume ratio, which from
one side allows a very eﬃcient functionalization, but from the
other side is responsible for high surface energies and the
tendency to aggregate. Moreover, the naked MAG NPs have
high chemical activity, and they are easily oxidized in air,
generally resulting in loss of magnetism and dispersibility. To
implement the broad range of MNPs practical applications, it is
extremely important to provide proper surface coating in order
to control size, high magnetic properties, shape, colloidal
stability, and biocompatibility. A number of computational
studies are focused on the eﬀect of diﬀerent NP physicochemical properties and coatings strategies on their interaction with
membranes and other.40−50 Atomistic MD simulations have
proven to be eﬀective in describing the noncovalent
interactions between NPs and biomolecules,21 also oﬀering a
great opportunity to improve the NPs biofunctionalization, in
terms of stability and aﬃnity. Classical molecular dynamics
simulation in all-atomic resolution was successfully employed in
combination with experiments for the investigation of peptides
adsorption mechanism on NPs to provide detailed information
about the binding mechanism and the inﬂuence of point
mutation on binding.51
Because of the pressing need to achieve these structural
features, the surface of MNPs can be modiﬁed by using
biomolecules such as cell penetrating peptides or coating with
an inorganic layer, such as silica, ions, other metals, etc.17 The
choice of CPPs as MNPs biofunctionalization strategy
represents a major breakthrough since CPPs can deliver
large-cargo molecules, simultaneously being able to penetrate
the cell membrane without causing signiﬁcant damage.52,53 For
these reasons, detailed physical mechanisms that underlie and
determine the CPPs−MAG and CPPs−silica interaction need
to be clariﬁed. In this context, computational approaches have
been proven to provide the right means of obtaining the
required insights, allowing the investigation of protein dynamics
and protein−surfaces interaction with atomic resolution.54−58
In this work, we have presented an atomistic investigation on
the adsorption of the Antennapedia homeodomain-derived
penetrating peptide on silica and magnetite surfaces. We
provided a quantitative estimation of the pAntp−surface
binding free energy by means of the umbrella sampling
approach. The inﬂuence of surface hydroxylation state on the
adsorption behavior was also investigated. In this work we have
used two diﬀerent surface models for both magnetite and silica:
fully hydroxylated and completely nonhydroxylated. It is worth
mentioning that the employed surface models do not have an
excess of negative charge, and this likely results in an
underplayed long-range electrostatics contribution to the
adsorption (e.g., peptide−surface distance higher than 1.5
nm). Nevertheless, our investigation is mainly focused on the
local interaction behavior, i.e., in the proximity of the surface. In
this connection, the surface charge distribution of our models
does depend on the deﬁned protonation state. Hence, locally
the hydroxylation state is also responsible for a diﬀerent charge
density over the surface. Keeping into consideration the abovementioned limitations, the free energy results presented in this
work should be better interpreted as comparative data among
the considered cases more than in terms of absolute values. In
summary, the main scope of this work is to provide
comparative information about the eﬀect of surface physicochemical properties on peptide adsorption.
The best surface models, in term of pAntp−surface aﬃnity
are the hSIO2 and MAG surface, with an estimated adsorption

In the case of pAntp−hSIO2 (Figure 4), residues mainly
driving the peptide−surface interaction are Lys4 (0.23 nm),
Arg11 (0.25 nm), Gln8 (0.25 nm), Lys15 (0.24 nm), and Lys16
(0.23 nm). Despite the proximity to the hSIO2 surface, Gln8
did not show relevant contribution to the calculated MM
interaction energy. Hence, the Gln8 proximity to the surface
might be driven by the tendency of the peptide to maintain an
α helix conformation.
The peptide secondary structure results highly conserved
during the adsorption mechanism (Supporting Information
Figure SI.3). The angle of the axis of inertia of the peptide
relative to the normal of the surface is μ = 88° ± std = 4°. A
decrease in the peptide diﬀusion constant is noticed when the
peptide is adsorbed on the surface. This result is quantiﬁed in 2
orders of magnitude, indicating that the peptide mobility is
limited when in contact with the surface (Supporting
Information Figure SI.4).
It is interesting to get insights into the nature of the peptide−
surface interaction, that is strongly driven by the electrostatic
contribution (Figure 4). Results reported in Figure 4, shown in
terms of molecular mechanics (MM) energy decomposition
among pAntp residues, demonstrate that Lys4, Arg11, Lys15,
and Lys16, all charged amino acids, are massively involved in
the electrostatic noncovalent peptide−surface interactions.
Electrostatic interactions between the peptide and the hSIO2
mitigate the observed van der Waals repulsion, leading to
adsorption of the surface.
In case of pAntp−MAG adsorption, the scenario is partially
diﬀerent (Figure 4): in addition to the charged residues Arg10,
Arg11, and Lys16 also polar residues such as Trp6, Phe7, and
Trp14 are directly involved in the peptide−surface contact area
at a distance of about 0.26 nm.
Analyzing the equilibrium trajectory, we observed the
peptide secondary structure highly conserved during the
adsorption mechanism (Supporting Information Figure SI.3).
The angle of the axis of inertia of the peptide relative to the
normal of the surface is μ = 84°, std = 5°.
Also in this case a decrease in the peptide diﬀusion constant
is noticed when the peptide is adsorbed on the surface. This
result is quantiﬁed in 2 orders of magnitude, indicating that the
peptide mobility is limited when in contact with the surface
(Supporting Information Figure SI.4).
The MM energy decomposition revealed the synergistic
eﬀect of van der Waals (VdW) attraction and electrostatic
contribution to the adsorption mechanism (Figure 4). In
particular, Ile4, Phe7, Arg11, Trp14, and Lys 16 are responsible
for the peptide−MAG noncovalent interactions. Therefore, we
ﬁnd that charged residues (arginine and lysine) play a key role
in binding the surface on both hSIO2 and MAG. However, the
peptide−MAG interaction is also driven by the VdW attraction
between the surface and the polar residues Phe7 and Trp14.

■

DISCUSSION
Magnetic iron oxide nanoparticles have been actively
investigated for their possible applications in medicine as they
have represented the next generation of targeted drug delivery
for more than 30 years.14−17,38,39 Several types of iron oxidebased NPs have been developed: FeO wü r stite, Fe 3O 4
magnetite, α-Fe2O3 hematite, α-Fe2O3 hematite, γ-Fe2O3
maghemite, etc. Magnetite is the most promising and popular
candidate in the ﬁeld of biotechnology and drug delivery
systems since it has already shown excellent biocompatibility
properties.12,13 However, as found for all nanoparticles, MNPs
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free energy of −50 and −65 kJ/mol (Figure 2), respectively.
Our results conﬁrm that particular attention must be paid to
the surface protonation state during the functionalization
procedure, since the adsorption stability is strongly inﬂuenced
by the exposed hydroxyl groups. Interestingly, the hydroxyl
groups have a visible impact on reducing the adsorption free
energy on MAG, while in the pAntp−SIO2 system an opposite
behavior was observed (Figure 2). This is consistent with the
surface properties of amorphous silica demonstrated by
Zhuravlev.23 The silanol groups act as the centers of molecular
adsorption and are able to form hydrogen bonds or, more
generally, undergo donor−acceptor interactions. The removal
of the hydroxyl groups from the surface of silica leads to an
increase of the hydrophobic properties, decreasing the
molecular adsorption,23 as conﬁrmed also in this work.
Furthermore, we have focused our eﬀort on trying to explain
a possible origin of the high peptide−surfaces aﬃnity. We have
examined the nature of this interaction, investigating how each
residue of pAntp contributed to the adsorption (Figure 4). We
think that our results might help in clarifying the molecular
phenomena related to peptide−surface interaction by suggesting which amino acids play a major role in governing the
noncovalent peptide−surface binding. The molecular mechanics energy decomposition, reported in Figure 4, has
demonstrated that Lys4, Arg11, Lys15, and Lys16, all charged
residues, are massively involved in the electrostatic noncovalent
peptide−SIO2 interactions. Moreover, electrostatic interactions
between the peptide and the hSIO2 eﬀectively counteract the
observed van der Waals repulsion, leading to strong adsorption
of the surface. In the case of pAntp−MAG adsorption,
synergistic eﬀect of van der Waals (VdW) attraction and
electrostatic contribution to the adsorption mechanism was
observed (Figure 4). In particular, Ile4, Phe7, Arg11, Trp14,
and Lys 16 are identiﬁed as mainly responsible for driving the
peptide−MAG noncovalent interactions. The fact that charged
residues are important players in the adsorption mechanism is
not a surprising evidence per se, since the pAntp is a positively
charged peptide (containing 3 Arg and 4 Lys). On the other
hand, it is interesting to notice that arginine and lysine play a
key role in binding both hSIO2 and MAG surfaces, despite their
diﬀerent physicochemical properties and surface charge density.
It is worth noticing that our results are consistent with a
recent computational study focused on TAT peptide,21 which
has already highlighted the role of arginine and lysine in driving
peptide adsorption on silica surface. Arginine residues have
been frequently found to be involved in approaching and
binding hydrophobic/hydrophilic surfaces and other proteins.54,59,60 This is probably due to their amphiphilic side
chain, given that their guanidinium end groups are positively
charged, whereas the aliphatic chains are hydrophobic.
Computational and experimental ﬁndings have already
demonstrated that arginine and lysine residues play a pivotal
role in the cell membrane penetration.1,10,61 As proposed by
Kubiak-Ossowska and colleagues in the case of TAT−silica
adsorption mechanism,21 the pAntp interaction with MAG and
SIO2 hinders the availability of arginine and lysine for further
membrane interactions (Figure 4). Further work is needed to
engineer CPP’s functionalization in a way that arginine and
lysine residues are kept far away from the surface, thus being
free to be used for interaction with the cell membrane.
Experimental ﬁndings1,6 have also demonstrated that the
membrane penetration of pAntp requires two diﬀerent events.
While in a ﬁrst step, the peptide, driven by arginine and lysine

residues, interacts with and enters the membrane bilayer, a
second step should involve membrane destabilization where
Trp6 residue seems to play a key role, necessary for full
membrane traslocation.6
Our work suggests that pAntp−MAG interaction hampers
the availability of Trp6, adsorbed on the MAG surface (Figure
4). Since this feature would impair the transient membrane
destabilization, it might be possible to use selected MAG
nanoparticles functionalized with pAntp, without impacting on
the membrane stability. In this case it is expected that pAntp
functionalized MNP would only interact, i.e. adhere, to the
targeted biological membranes, remaining outside the cell.
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