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calculations
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Biofunctionalized magnetite nanoparticles offer unique multifunctional capabilities that can drive
nanomedical innovations. Designing synthetic bioorganic coatings and controlling their molecular
behavior is crucial for achieving superior performance. However, accurately describing the
interactions between bio-inorganic nanosystem components requires reliable computational tools,
with empirical force fields at their core. In this work, we integrate first-principles calculations with
mainstream force fields to construct and simulate atomistic models of pristine and biofunctionalized
magnetite nanoparticles with quantum mechanical accuracy. The practical implications of this
approach are demonstrated through a case study of PEG (polyethylene glycol)-coated magnetite
nanoparticles in physiological conditions, where we investigate how polymer chain length, in both
heterogeneous and homogeneous coatings, impacts key functional properties in advanced
nanosystem design. Our findings reveal that coating morphology controls polymer ordering,
conformation, and polymer corona hydrogen bonding, highlighting the potential of this computational
toolbox to advance next-generation magnetite-based nanosystems with enhanced performance in
nanomedicine.

Iron oxide nanoparticles (IONPs), among other transition metal oxides,
have gained special attention in nanomedical sciences in recent years due to
their unique in vitro and in vivo biomedical applications, ranging from
magnetic bioseparation, biosensing, cellular labeling, contrast agent in
magnetic resonance imaging, imaging-guided therapy, hyperthermia for
cancer treatment, to targeted drug delivery1–7.

Through well-established experimental routes, the synthesis of IONPs
with well-defined shapes, including spherical, cubical, octahedral, and
rhombicdodecahedral,withprecise control over their surface chemistry and
sizes, has been successfully achieved8–13. Among IONPs, magnetite nano-
particles enclosed by six (001) facets, one of the most stable Fe3O4 surface
according toWulff construction calculations14, are of particular interest due
to their specific surface reactivity towards small organic acids15,16, and
polymers17, enhancing their mechanical properties and colloidal stability.
Polyethylene glycol (PEG) with chemically reactive terminal groups (e.g.
reactive amine groups) is among themost preferred polymers for coating of
IONPs, broadening their applications18–25. This allows, for instance, control

over the molecular interactions in biological environments (e.g. protein
corona) and the bioconjugation with active targeting ligands for smart drug
delivery26–29.

In synergy with experiments, computational methods through quan-
tum mechanical (QM) calculations of iron oxide bulk electronic structure,
surface chemistry and catalysis14,30–34, mixed-resolution and multi-level
calculations of Fe3O4/water interfaces

35–37, hybrid Monte Carlo and Mole-
cular Dynamics (MD) simulations of bulk oxidation-state dynamics38, and
MD simulations of Fe3O4/organic interfaces

15,39–43, have stood out as valu-
able tools for obtainingmolecular-level insights into Fe3O4-basedmaterials.
However, recent computational efforts into the development, refinement
and assessment of classical force fields (FFs) for modeling Fe3O4 nanos-
tructures interfacing water44,45 and biomolecules39,44,46 are still scarce in the
literature. In this direction, Konuk et al.39 have recently made significant
contributions. They proposed a combination of the modified CLAY
(mCLAY) FF, whichwas previously calibrated for studying the atomic-level
structure of hematite/water interfaces47 and derived from the original FF
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developed for a more general class of hydrated minerals including hydro-
xides, oxyhydroxides, and clays48, with the biomolecular General AMBER
FF (GAFF) for the classical modeling and simulation of 2D-periodic
Fe3O4–organic interfaces. This FF combination features improved electro-
static description through a QM-based per-layer rescaling protocol of the
original CLAY-based partial atomic charges48 originally derived for bulk
materials. Nevertheless, to the best of our knowledge, there is still a lack of
systematic computational studies assessing and benchmarking the trans-
ferability of mCLAY FF parameters in the description of zero-dimensional
Fe3O4–based materials (e.g., nanoparticles) and expanding their applic-
ability across a broader range of biomolecular FF frameworks.

In this work, we present a computational protocol for an effective
classical modeling and simulation of zero-dimensional organic-coated
Fe3O4 nanoparticles (NPs) of realistic size, validated in a bottom-up fashion
against higher-level QM data, which still stand a challenging task in this
computational niche. The aim is to design Fe3O4 NP structures for appli-
cations in modeling more complex nanosystems interfacing molecular
assemblies of simple organic composition (consisting of H, C, O, and N
atoms), expanding the applicability ofmCLAYFFwithin theCHARMMFF
framework for biomolecular components. To achieve this, we first rescale
CLAY-based partial atomic charges to describe 2D-periodic pristine Dis-
torted Bulk Truncated (DBT) Fe3O4 (001) surfaces using the protocol
proposed in ref. 39. Additionally, we evaluate the combination of the
mCLAY FFwith themainstream biomolecular CHARMMFF in classically
describing 2D-periodic organic-coated DBT Fe3O4 (001) slabs. Moving
ahead, we fully characterize a zero-dimensional pristine 2.3 nm Fe3O4 NP,
ensuring the transferability of this set of FF parameters in describing larger
NP structures beyond the reach of full QM characterizations. Next, we
propose a computational protocol for the classical modeling of an organic-
coated 5 nm Fe3O4 NP, providing an accurate nanostructure support for
further polymeric coating. Finally, we investigate the influence of different
PEG chain lengths, coated in a homogeneous or heterogeneous manner
onto the Fe3O4 NP surface, on key quantities such as polymer coating
thickness, chain’s order parameters, and H-bond formation within the
polymer corona, highlighting the strengths and limitations of the proposed
computational protocol in describing such complex bio-inorganic
assemblies.

Results
The results are presented as follows: in Section “Preparation of Structural
Models”, we provide all the details on the preparation of the slab and
nanoparticlemodels. In Section “PristineDBTFe3O4 (001) slab”, wepresent
the protocol adopted for estimating the per-layer CLAY-based partial
atomic charges for Fe and O atoms within the 2D-periodic pristine DBT
Fe3O4 (001) slab. In Section “Fully Formate-CoatedDBT Fe3O4 (001) slab”,
we assess the accuracy of the derived partial atomic charges combined with
the mCLAY/CHARMM FF in describing a 2D-periodic FA-coated DBT
Fe3O4 (001) slab compared to their QM counterpart predictions using
DFTBMDsimulations. In Section “Pristine Fe3O4Nanoparticles: Exploring
Small and Large Structures” we proceed by characterizing small (2.3 nm)
and large (5.0 nm) Fe3O4 NP structures using DFT/HSE06 and DFTB
calculations to validate the transferability of the mCLAY FF in describing
these zero-dimensional materials. In Section “Coating Realistic-size 5 nm
Fe3O4 Nanoparticles”, we propose a systematic computational protocol for
accurately modeling starting-point structures of realistic-size polymer-
coated 5.0 nm Fe3O4 nanosystems with varying coating compositions. In
Section “Anchoring Group Binding and Stability on 5 nm Fe3O4 Nano-
particles in Solution”, we evaluate the ability of the implemented FF to
describe potential transitions in the binding configuration of anchoring
groups on the NP surface of these polymer-coated Fe3O4 nanosystems in
physiological solution. In Section “Case Study of NH3

+-terminated PEG-
coated 5 nm Fe3O4Nanoparticles in Aqueous Solution: The impact of non-
Homogeneous Length of Polymer Chains”, we conduct an in-depth
investigation into the effects of homogeneous and heterogeneous coating
strategies on key parameters of the polymer-coated Fe3O4 nanosystems in

physiological solution. This includes discussions on key aspects for
designing tailored nanosystems for nanomedical applications, such as
Coating Thickness and Radius of Gyration,Order Parameter of PEG chains,
and Polymer Corona H-bonding analysis. Throughout the manuscript,
mean and plus andminus standard deviation (σ ) are reported asmean ± σ .

Preparation of structural models
Pristine DBT Fe3O4 (001) slabs. The DBT surface model49 was used to
model pristine DBT Fe3O4 (001) surfaces and it was constructed as a
(1×1) 17-layer slab with inversion symmetry, in line with previous work
by some of us36,37,50–52. In the DFT/HSE06 optimization calculations, the
atoms in the central five layers of the slab were kept fixed to their bulk
positions, whereas the atoms in the other layers were fully relaxed. In the
DFTB optimization calculations and DFTB MD simulations, all the
atoms were fully relaxed. At classical level of theory, the pristine Fe3O4

slab in vacuum was classically modeled using the same (1×1) 17-layer
DBT surface model as in the QM calculations, where all the atoms were
fully relaxed during energy minimization and MD simulations.

Formate-coated DBT Fe3O4 (001) slabs. A full coverage regime of
formate was modeled by saturating all under-coordinated octahedral Fe
sites on both surfaces of the DBT Fe3O4 (001) slab with two bidentate
dissociated formic acid molecules. At the QM level, only DFTB optimi-
zation calculations and DFTB MD simulations were performed. At
classical level of theory, the fully formate-coatedDBTFe3O4 (001) surface
in vacuumwasmodeled by placing two dissociated formic acidmolecules
on each side of the slab, as done in the DFTB calculations. A larger fully
formate-coated Fe3O4 (001) surface was also classically modeled by
replicating the unit cell three times (3×3) in both the x and y directions. In
both (1×1) and (3×3) fully formate-coated DBT Fe3O4 (001) slabmodels,
all the atoms were fully relaxed during the energy minimization and MD
simulations.

Pristine and coated Fe3O4 nanoparticles. The 2.3 nm NP model used
in this investigation is enclosed by six DBT (001) facets, as observed in
previous experiments9,11. It consists of 1466 atoms with edge length of ca
2.3 nm (i.e., 2.75 times the bulk magnetite lattice parameter) and was
obtained from the one proposed by Liu and Di Valentin37 with corners
reconstruction in a bulk-truncated fashion. The total magnetization can
be computed according to the formula in Eq. 1, which determines the
total magnetic moment of a magnetite system, as proven in ref. 37:

mtot ¼ 5× N Fe3þOct
� �� N Fe3þTet

� �� �þ 4× N Fe2þOct
� �� N Fe2þTet

� �� � ð1Þ

where Fe3þOct and Fe
2þ
Oct are the ions at octahedral sites, Fe

3þ
Tet and Fe

2þ
Tet are the

ions at tetrahedral sites, and N is the number of the corresponding ions.
Similar to what occurs in bulk magnetite, for and the high-spin 3d5

configuration gives an atomic magnetic moment of +5 and −5 µB,
respectively whereas the high-spin 3d6 electron configuration gives+4 and
−4 µB, respectively.

The cubic Fe3O4 NPmodel of ca 5 nm (11897 atoms with edge length
of ca 4.9 nm, 5.75 times the bulk magnetite lattice parameter) was obtained
by cutting bulk magnetite along the (001) planes following the same pro-
tocol as outlined for the smaller 2.3 nmFe3O4NPmodel37. This larger Fe3O4

NP model is also enclosed by six DBT (001) facets and presents the same
type of corners and edges as those of the smaller NP. This 5 nm Fe3O4 NP
was then fully coated with zwitterionic carbamate (from now on CA)
ligands, accounting in total 432 ligands (72 ligands per NP facet), whose
carboxylate groupswere equally adsorbedover all pairs of undercoordinated
Fe sites exposed on the NP surface using in-house scripting via the MOL-
TEMPLATEprogram53, resulting ina graftingdensity at the theoretical limit
of ~2.9 ligand/nm2. This corresponds to the scenario in which every pair of
undercoordinated octahedral Fe sites on the Fe3O4 nanoparticle surface has
one carboxylate group adsorbed in a bridging bidentate mode. The grafting
density adopted in ourmodels aligns well with the experimental findings by
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Amstad et al.54using the grafting–tomethod,whoachieved a graftingdensity
up to 2.5–2.8 ligand/nm2 of PEG5k chains, assessed respectively by XPS and
TGA analysis, for Fe3O4 NPs with a similar diameter (6 ± 1 nm). The
authors also reported that ligands were irreversibly adsorbed onto the
IONPs surface through the formation of stable bridging bidentate com-
plexes between the ligand’s oxygen atoms and their corresponding
anchoring iron sites. This model underwent classical energy minimization
in vacuumusing thePolak-Ribieri versionof the conjugated gradientusing a
stopping tolerance for force equal to 1.0e−6. The resulting classically opti-
mized CA-coated 5.0 nm Fe3O4 NP structure was benchmarked for both
overall NP thickness and interatomic distance between the carboxylate
oxygen atoms of CA ligands and their corresponding anchoring Fe sites on
the NP surface against higher-level QM-derived reference data. After vali-
dation, this optimized CA-coated NP structure was subjected to further
modification, in which the capping –NH3

+ groups of CAs were removed,
while their adsorbed -COO- groups (with an open valence in the carbon
atom) were kept at their optimized geometry on the NP surface. The
methylene group of the -CH2-PEGX-NH3

+ chain (with an open valence in
thefirst carbonatom)waspositionedat anoptimal distance fromthe carbon
atomof -COO- groups using in-house scripting, followedby the assignment
of all necessary bonded parameters to covalent bond the two carbon atoms
with open valence (-OOC-CH2-PEGX-NH3

+) according toCGenFF55–57 (for
the sake of simplicity, we interchangeably refer CGenFF as CHARMM FF
throughout the manuscript). Three polymer-coated 5 nm Fe3O4 nanosys-
tems were built upon this classically optimized CA-coated 5 nm Fe3O4

NP structure (Please see Section “Coating Realistic-size 5 nm Fe3O4

Nanoparticles” for further details) with three different coating compositions
modeled: a homogeneous coating with PEG500 chains (HoCo-PEG500),
a heterogeneous coating comprising a 50/50 mixture of PEG500 and
PEG1k (HeCo-PEG500/1k), and a homogeneous coating with PEG1k

(HoCo-PEG1k).
For all analyses presented in Section “Case Study of NH3

+-terminated
PEG-coated 5 nmFe3O4Nanoparticles in Aqueous Solution: The impact of
non-Homogeneous Length of Polymer Chains”, the classically optimized
5 nm Fe3O4 NP structure including the bridging bidentate binding con-
figuration of the carboxylate anchoring groups on the Fe3O4 NP surface (as
supported by both DFT calculations and experiments conducted in
vacuum) was treated as an independent and thermalized structure at
303.15 K free to undergo translation and rotation during the MD simula-
tions, following similar protocol utilized by some of us in previouswork 58,59.
This rigid restraint of anchoring groups also ensured a constant grafting
density across all polymer-coated systems. For the assessment of the
mCLAY/CHARMM force field (FF) capabilities in describing the dynamic
behavior of the carboxylate anchoring groups under the effects of finite
temperature and solvation in the HoCo-PEG500, HeCo-PEG500/1k, and
HoCo-PEG1k systems (Section “Anchoring Group Binding and Stability on
5 nm Fe3O4 Nanoparticles in Solution”), we performed two sets of calcu-
lations with different modeling approaches: 1) In the first, the classically
optimized Fe3O4 nanoparticle was treated as a thermalized rigid body

structure, while the rest of the system (anchoring groups, polymer chains,
solvent, and ions) evolved freely according to the FF directives, without any
rigid restraints (called Rigid NP); 2) In the second setup, the entire system
was allowed to evolve freely over time, governed solely by the FF directives
(called All Relaxed). Each of the three systems (HoCo-PEG500, HeCo-
PEG500/1k, and HoCo-PEG1k) was simulated under both modeling setups.
The simulation boxeswerefilledwith the rigidmTIP3Pwatermodel60 at the
experimental density of 0.99 g/cm3 ensuring a minimum buffer distance of
20 Å between theNP and the box edges, setting the salt concentration of the
solution at 0.15M using its respective ad hoc parametrized Na+ and Cl-

ions61,62. The Ligand Reader & Modeler module in the CHARMM-GUI
webserver63,64 was utilized to build up the three-dimensional structures of
PEG500-NH3

+ and PEG1k-NH3
+ chains and bonded and non-bonded

parameters were assigned using the CGenFF. All the organic ligands and
polymer coating molecules studied herein are compiled in Fig. 1.

Pristine DBT Fe3O4 (001) flat surface
We begin by adopting the same approach proposed in ref. 39 to rescale
CLAY-based partial atomic charges for pristine and organic-coated sub-
surface cation vacancy (SCV) andDBTFe3O4 surfaces in vacuum.However,
it is worth noting some differences compared to our approach: I) To derive
rescaled CLAY-based partial atomic charges for iron and oxygen atoms in
bulkor slabFe3O4models,we relyon the charge analysisusingHSE06hybrid
functionals (DFT/HSE06) in CRYSTAL17 (Mulliken analysis); II) we not
only differentiate the iron atoms with different coordination numbers, but
we also distinguish the iron atoms accordingly to their respective oxidation
state – the Fe3+ and Fe2+ partial atomic charges are assigned according to the
Fe3+/Fe2+ disproportion estimated by the DFT/HSE06 calculations. We
rescale the original CLAY-based partial atomic charges according to Eq. (2):

qFFlayer ionð Þ ¼ qFFbulk ionð Þ �
qDFTlayer ionð Þ

D E
qDFTbulk ionð Þ� � ð2Þ

where qFFlayer ionð Þ stands for the re-scaled FF point-charge for each specific
atomic species in their corresponding DBT Fe3O4 layers; qFFbulk ionð Þ stands
for the FF point-charge for each specific bulk atomic species; qDFTlayer ionð Þ

D E
represents the average of DFT/HSE06 point-charge values derived for each
specific atomic species within either the surface or sub-surface Fe3O4 layer;
and qDFTbulk ionð Þ� �

represents the average DFT/HSE06 point-charge values
derived for each specific atomic species within the bulk Fe3O4 region.

Table 1 reports the qDFTlayer and q
FF
layer for all Fe3O4 atomic species (please

also see Supplementary Table 1 for qDFTbulk and qFFbulk) – the calculated partial
atomic chargemodel is brokendown into threemain atomic layers, namely,
bulk, sub-surface, and surface Fe3O4 atoms in which all these atoms are
differentiated according to their respective oxidation state Fe3þTet , Fe

3þ
Oct , Fe

2þ
Oct

at their corresponding layer.

Fig. 1 | Chemical structures of small organic
ligands and polymeric chains. 2D molecular
representations of the coating molecules studied
herein: a Formate ion, b Carbamate ion, c PEG500-
NH3

+ and d PEG1k–NH3
+ polymeric chains.
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After rescaling theDFT/HSE06partial atomic charges usingEq. (2),we
standardize the partial atomic charges for Fe3O4 atoms sharing the same
oxidation state within the subsurface and the bulk layers. We do so by
adjusting these charges to alignwith the ones found in the bulk region, as we
see no significant differences in their values compared to the bulk CLAY-
based partial atomic charges. These adjusted DFT/HSE06 partial atomic
charges are thenmultiplied by their corresponding number of atomswithin
each layer of the pristine DBT Fe3O4 surface slab, resulting in a net positive
charge of+1.408. To ensure overall electroneutrality, we further refine the
charge values within the surface layer by redistributing the excess positive
charge among the oxygen atoms in the first layer (O1) until they reach an
integer number - the remaining residual positive charge is then adjusted by

scaling down the partial atomic charges of Fe3þTet1 and Fe
3þ
Oct1 until a zero net

charge is achieved.
It is also noteworthy tomention the similarity in thefinal set of partial

atomic charges implemented in themCLAYFF for describing the classical
atoms on the pristine DBT Fe3O4 (001) surface, despite utilizing a dif-
ferent DFT approach compared to Konuk et al.39 For instance, they
reported partial atomic charges of+1.461 e,+1.589 e and –1.000 e for the
Feoct, Fetet, andO1 atoms in their set of force field parameters, respectively.
In comparison, our protocol yielded partial atomic charges of +1.498 e,
+1.530 e, and –1.000 e for the Feoct, Fetet, and O1 atomic species,
respectively.

Fully formate-coated DBT Fe3O4 (001) flat surface
An important step here is to ensure the suitability of rescaled CLAY-based
partial atomic charges (and their respective mCLAY LJ (12-6) parameters)
in combination with the CHARMM FF for describing the adsorption
process of organicmolecules of simple composition (H,C,O,N)on theDBT
Fe3O4 (001) surface. So, we begin by studying the adsorption of dissociated
formic acid onto the pristine DBT Fe3O4 (001) surface.

There are twomain reasons for starting from this simple model: I) the
carboxylate group as in dissociated formic acid, i.e. formate ions (FA), is a
commonly used anchoring group well known for its ability to establish
stable chemical bonds with undercoordinated surface (octahedral) Fe3+

atoms on the DBT Fe3O4 surface.Modeling such a system is also possible at
the DFTB level of theory, which allows us to validate its atomistic coun-
terpart, i.e., Fe-OFA bond distances and Fe3O4 slab thickness; II) Similar
short organic ions can also serve as a linker molecule, allowing further
conjugation with other classes of biomolecules broadening the NP appli-
cations. Later in thiswork,we take advantage of a similar linkermolecule for
the attachment of biomolecules.

We validate the classical model of the FA-coated Fe3O4 (001) slab
model at the full coverage regime in vacuum (Fig. 2) by confronting it with
its QM counterpart simulated using DFTBMD. FA, each bearing a formal
negative charge of –1 e each, are placed at the appropriate adsorption iron
sites on the DBT Fe3O4 (001) surface. Moreover, the protons dissociated
from the formic acid molecules are adsorbed on those mostly reactive
nearby oxygen atoms on the DBT Fe3O4 (001) surface bearing a partial
atomic charge of +0.4 e.

Table 1 | Rescaled CLAY-based partial atomic charges for
each atomic species in the pristine DBT Fe3O4 (001) surface
model derived from Eq. (2)

Atom
type

#
of
atoms

qDFT
layer

charges

Rescaled
qFF
layer

Modified
qFF
layer

Final
qFF
layer

Fe3þtet1
4 +2.209 +1.592 +1.592 +1.530

Fe3þoct1
8 +2.210 +1.561 +1.561 +1.498

O1 16 −1.441 −0.959 −0.959 −1.000

Fe3þtet2 4 +2.183 +1.573 +1.574 +1.574

Fe3þoct2 8 +2.230 +1.575 +1.574 +1.574

O2 16 −1.558 −1.037 −1.050 −1.050

Fe3þtet3 8 +2.187 +1.576 +1.574 +1.574

Fe3þoct3 8 +2.224 +1.571 +1.574 +1.574

Fe2þoct3 12 +1.890 +1.049 +1.052 +1.052

O3 40 −1.577 −1.050 −1.050 −1.050

System Net Charge −0.008 +1.576 +1.408 0.000

For clarity, atoms are distinguished by their coordination sites and their layer position in the slab.
Atomcountsarealsogiven for eachof these idealized layers in thenormal directionof theDBTFe3O4

(001) slab. The subscript number in the first column refers to (1) surface atoms, (2) sub-surface
atoms, and (3) bulk atoms in the Fe3O4 slab.

Fig. 2 | Representation of the formate-coated DBT Fe3O4 (001) slab at the full
coverage regime. Iron and oxygen atoms are color-coded (right-hand side) based on
their coordination number and position in the Fe3O4 slab, distinguishing surface

(shiny colors) and bulk atoms (chalk colors). The adsorbed formate ligand atoms are
colored as follows: formate oxygen atoms (black), formate carbon atom (gray),
formate and dissociated hydrogen atoms (white).
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Compared to the protocol for the assignment of partial atomic charge
for the pristineDBTFe3O4 slab system in vacuum, the scenario is somewhat
different when dealing with the fully FA-coated Fe3O4 slab system in
vacuum. This discrepancy arises from the introduction of four dissociated
and adsorbed FAmolecule on both the upper and lower surface of the DBT
Fe3O4 (001) slab resulting in anunbalancednet charge for thewhole system,
if partial atomic charges are those derived for the pristine DBT Fe3O4 slab
system in vacuum. The imbalance is because the –4 e of the four FA is only
partially compensated by the four dissociated protons adsorbed on the
Fe3O4 surface, each bearing a partial atomic charge of+0.4 e (for a total of
+1.6 e). Therefore, there remains an unbalanced excess of –2.4 e that
requires compensation to ensure the system’s electroneutrality. To address
this, we start by splitting theDBTFe3O4 slab into twodistinct layers, namely
the surface and the bulk, following the same protocol outlined previously in
Section “Pristine DBT Fe3O4 (001) slab”. For the bulk region, we assign the
same partial atomic charge values derived for the bulk atoms in the pristine
DBT Fe3O4 slab in vacuum (Table 1). For the re-assignment of partial
atomic charges on the surface layer, we test three different forms of charge
redistribution for the Fe3þTet1, Fe

3þ
Oct1, O1 atoms, as outlined in Table 2. The

compilation of bonded and non-bonded mCLAY and CHARMM para-
meters for modeling the fully FA-coated DBT Fe3O4 (001) slab are given in
Supplementary Table 2.

To assess howdifferent chargedistributions impact the fully FA-coated
DBT Fe3O4 slab, we conduct a comparative analysis of the overall slab
thickness and the Fe-OFA distances from the atomistic MD and DFTBMD
simulations. First, we begin by assessing the accuracy of the combination

between the mCLAY and CHARMM FFs in describing the Fe-OFA bond
distance on the DBT Fe3O4 (001) surface, as well as the overall thickness of
the Fe3O4 (001) slab. We observe that the different strategies for adjusting
the CLAY-based partial atomic charges of Fe3O4 surface atoms (sets A, B,
and C in Table 2) have no significant impact on the average Fe-OFA bond
distance and the overall thickness of the Fe3O4 (001) slab, as shown in Table
3. Instead, we note that the LJ (12-6) parameter assigned to the FA oxygen
atoms is playing a key role in determining the resulting Fe-OFA bond dis-
tance. Upon analysis of Table 3, we observe that the original CHARMM LJ
(12-6) parameter assigned to the OFA atoms underestimates the Fe-OFA

bond distance compared to the reference DFTBMD predictions. However,
switching the CHARMM LJ (12-6) parameter of OFA atoms to the original
mCLAYLJ (12-6) parameter for oxygen atoms results in an improvement in
the Fe-OFA bond distance compared to the DFTBMD reference data while
no significant change is noticed in the thickness of the Fe3O4 slab. Further
comparisons for the Fe-OFA, Fe-O1, Fe-O2 distances and overall Fe3O4 slab
thickness for optimized FA-coated DBT Fe3O4 structures at DFT, DFTB,
and classical level of theories can be found in Supplementary Note 1 and
Supplementary Table 3.

This observation suggests an improved description by the mCLAY FF
to describe the short-range interactions between iron and oxygen atoms of
FA adsorbed on the surface of the Fe3O4 slab when in combination with the
CHARMM FF. This modification is justifiable, as the CHARMM-based LJ
(12-6) parameters for the oxygen atoms of FAwere originally parametrized
for a different environment (e.g. aqueous solution), and hence, greater
accuracy compared to the QM predictions should be expected by the
mCLAY-FF description of these FA oxygen atoms in a non-solvated
environment interfacing the Fe3O4 (001) surface atoms.

Lastly, to check the potential influence of system size on the Fe-OFA

bonddistance and the thicknessof theFe3O4 slab,we replicate theunit cell of
the fully FA-coated Fe3O4 slab into a 3×3 model and we repeat the same
simulations and analysis as done for the smaller 1×1 system, and no sig-
nificant differences are observed (Supplementary Table 4).

Overall, we confirm reasonable agreement between atomistic and
DFTBMDpredictions for both the Fe-OFA bond distance and the thickness
of the (FA-coated) Fe3O4 slab in vacuum using the per-layer point charge
model and the mCLAY/CHARMM FF combination. Moving ahead, we
proceed benchmarking the transferability of this set of FF parameters, so far
validated for the atomistic description of pristine and organic-coated 2D
Fe3O4 systems, for the description of classically zero-dimensional cubic-
shaped Fe3O4 materials as well.

Pristine Fe3O4 nanoparticles: exploring small and large
structures
Webeginby characterizing a2.3 nmcubic Fe3O4 enclosedby six (001) facets
at DFT/HSE06 and DFTB levels of theory. Since this system can be fully
characterized at these two QM levels of theory, it will serve as the reference
model for the assessment of FF transferability to describe this zero-
dimensional material.

ThroughDFT/HSE06 calculations, we initially identify and enumerate
each atomic species in the pristine 2.3 nm Fe3O4 NP structure, as shown in
Table 4. Subsequently, we assign the CLAY-based partial atomic charges
following the same protocol adopted for the pristine DBT Fe3O4 (001) slab
in Section “PristineDBTFe3O4 (001) slab”. Specifically,we split the atomsof

Table 3 | Average Fe-OFA bond distances on the (1×1) DBT Fe3O4 (001) surface and overall thickness of the Fe3O4 (001) slab
estimated from DFTB and atomistic MD simulations at 300 K

Unit (Å) DFTBa Model A Model B Model C Model Ab

Fe-OFA 1.99 ± 0.01 1.85 ± 0.01 1.85 ± 0.01 1.86 ± 0.01 1.92 ± 0.02

Thickness 17.7 ± 0.1 17.1 ± 0.3 17.1 ± 0.3 17.3 ± 0.3 17.3 ± 0.3
aDFTB 50 ps long MD simulations at 300 K.
bmCLAY-based LJ (12-6) parameter for the OFA atoms.

Table 2 | Rescaled mCLAY- and CHARMM-based partial
atomiccharges for eachatomic species in theDBTFe3O4 (001)
slab model and the dissociated formic acid, respectively

Atom type # of atoms Adjusted partial atomic
charges A|B|C

Fe3þtet1 4 +1.630|+1.730|+1.530

Fe3þoct1 8 +1.698|+1.698|+1.598

O1 16 −0.975|−1.000|−0.900

Fe3þtet2 12 +1.574

Fe3þoct2 16 +1.574

Fe2þoct2 12 +1.052

O2 56 −1.050

Total Charge of the Fe3O4 Slab +2.400

Ho 4 +0.400

Total charge of the adsorbed proton ion +1.600

OFA 8 −0.760

CFA 4 +0.520

HFA 4 +0.000

Total Net Charge of Formate ions −4.000

System Net Charge 0.000

For clarity, atoms are distinguished by their coordination sites and their layer position in the slab.
Atomcountsarealsogiven for eachof these idealized layers in thenormal directionof theDBTFe3O4

(001) slab.
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the Fe3O4 NP into two regions: an outer region containing only the surface
atoms (Fe3þTet1, Fe

3þ
Oct1, O1) and an inner region containing the bulk atoms

composing the NP core (Fe3þTet2, Fe
3þ
Oct2, Fe

2þ
Oct2, O2).

For both the surface layer and bulk region, we begin assigning
equivalent rescaled CLAY-based partial atomic charges previously derived
for the pristine DBT Fe3O4 (001) slab in vacuum (Table 1, Section “Pristine
DBT Fe3O4 (001) slab”), yielding an unbalanced excess of+0.808 ewhich is
then counterbalanced with a total charge of−0.808 e evenly spread over all
oxygen atoms in the surface layer atoms to ensure theNP’s electroneutrality
in vacuum.

To assess the mCLAY FF accuracy in describing the pristine 2.3 nm
Fe3O4 NP in vacuum, we perform both energy minimization and equili-
bration, followedby50 ns ofMDproduction in vacuumat classical level and
then we compare the obtained thickness with that predicted from its QM
counterparts optimized at both DFT/HSE06 and DFTB levels of theory. To
quantify the NP thickness, we measure the distance between the geometric
center of Fe3+ atoms in the octahedral sites on opposite edges of the same
facet of theNPand thenweaverage it over all the sixNP facets over the 50 ns
of production phase. The classical description results in an NP thickness of
23.32 ± 0.19 Å, with a deviation of +3.00% and +0.04% compared to the
DFT/HSE06 (NP thickness = 22.64 Å) andDFTB (NP thickness = 23.31 Å)
reference data, respectively. It is worth noting that the NP shape and
structure remains stable over the entire MD simulation in vacuum.

After confirming the overall stability of the 2.3 nm Fe3O4NP structure
over the atomistic MD simulation in vacuum, we move forward by inves-

tigating whether the atomic surface layering for the partial atomic charge
assignmentmay affect theNP’s overall structure. Here, we evaluate whether
suppressing theFe2þoct2=Fe

3þ
oct2 disproportionat theNPcore level influences its

overall nanostructure. The main idea behind this evaluation is to propose a
more general protocol for the assignment of partial atomic charges to larger
NP cores, especially when higher-level QM calculations to identify exactly
the Fe2þoct2=Fe

3þ
oct2 disproportion of the NPs become impractical due to lim-

itations in handling such large systems.
Figure 3 presents two distinct strategies for assigning partial

atomic charges in the 2.3 nm Fe3O4 NP, using reference QM structural
data to assess accuracy in describing the NP structure. In Model A
(Fig. 3, left-hand side), we average the partial atomic charges over all
Fe2þoct2 and Fe

3þ
oct2 atoms in the bulk region, as detailed in Supplementary

Table 5, Column A. In Model B (Fig. 3, right-hand side), we fully
differentiate the atomic species in the second layer, averaging the
partial atomic charges over all Fe2þoct2 and Fe

3þ
oct2 atoms in the bulk region,

according to Supplementary Table 5, Column B. The averaging of
partial atomic charges follows Eq. (3).

qFF Fe2þ=3þ
Oct2

� 	
¼ q Fe2þOct2

� �
× n Fe2þOct2

� �þ q Fe3þOct2
� �

× n Fe3þOct2
� �

n Fe2þOct2
� �þ n Fe3þOct2

� � ð3Þ

Then, we perform a 50 ns long MD simulation of both Model A and
ModelB invacuum.Wefind that suppressing theFe2þOct2=Fe

3þ
Oct2 disproportion

at theNPcore level yields nodifference of the averageNP thicknesswithin the
standard deviation between Model A (23.31 ± 0.20 Å) and Model B
(23.30 ± 0.19 Å). Additionally, we observe no significant difference in the NP
thickness compared to the original 2.3 nm Fe3O4 NP (23.32 ± 0.19 Å), where
there is a fully differentiation of atomic species based on the DFT/HSE06
calculations. When comparing the NP thickness against those predicted by
the optimization with DFT/HSE06 (22.64Å) and DFTB (23.31Å) calcula-
tions, we note that the averaged NP thickness predicted by either classical
model is in close agreement with those predicted at bothQM levels of theory.

Next, we benchmark a larger pristine 5 nmFe3O4NPagainst the lattice
parameters of optimizedFe3O4bulk at bothDFT/HSE06andDFTB levels of
theory. Since we see no significant deviation in the overall structure of the
smallerNP core due to the lack ofFe2þOct2=Fe

3þ
Oct2 disproportion, we follow the

protocol adopted for Model A in the partial atomic charge assignment of
5 nmFe3O4NP atoms (Fig. 3, left-hand side). TheNP thicknesses predicted
from the lattice parameters of the Fe3O4 bulk optimizations at DFT/HSE06
and DFTB levels are 48.24 Å and 48.81 Å, respectively, while the NP

Table 4 | Rescaled CLAY-based partial atomic charges for
each atomic species in the pristine 2.3 nm Fe3O4 nanoparticle

Atom type # of atoms qFF
layer Adjusted qFF

layer

Fe3þtet1 76 +1.530 +1.53000000

Fe3þoct1 180 +1.498 +1.49800000

O1 364 −1.000 −1.00221978

Fe3þtet2 94 +1.574 +1.57400000

Fe3þoct2 174 +1.574 +1.57400000

Fe2þoct2 78 +1.052 +1.05200000

O2 500 −1.050 −1.05000000

Total System Charge +0.808 0.00000000

Atoms are categorized by their coordination sites and layer position within the Fe3O4 nanoparticle,
with the corresponding atom count for each idealized layer.

Fig. 3 | Comparative strategies for assigning per-
layer partial atomic charges to Fe atoms in Fe3O4

nanoparticles. Two distinct approaches for assign-
ing per-layer partial atomic charges to Fe2+ and Fe3+

atoms in a 2.3 nm Fe3O4 (001) nanoparticle are
evaluated.
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thickness of the classically optimized geometry is 48.77 Å, falling between
these two QM values.

At this point, we confirm the reliability of the rescaled point charge
model in combination with the mCLAY-FF in providing an accurate and
stable structure for thepristine5 nmFe3O4NPcore.Weachieve an excellent
compromise between the predictions of the implemented classical model
against the overall thickness derived from the lattice parameters of Fe3O4

bulk optimization at bothDFT/HSE06 andDFTB levels of theory. Now, we
are ready tomove on to the next step of this work, which involves obtaining
an optimized organic-coated 5 nm Fe3O4 NP which will undergo slight
modifications to serve as the inorganic support of more complex polymer-
coated Fe3O4 nanosystems.

Coating realistic-size 5 nm Fe3O4 nanoparticles
Here, we move towards an important step of this work, which is the
modeling of a larger Fe3O4 NP structure to serve as inorganic support for
polyethylene glycol coatings, one of the aims of this study. Given the pro-
hibitive computational costs, a full QM relaxation of organic-coated 5 nm
Fe3O4 NPs is not feasible. In such cases, refining classical models using QM
reference data becomes challenging due to the large system size, making
bottom-up validation unfeasible. However, recalling our findings in pre-
vious sections, we can confirm that the synergy between the mCLAY and
CHARMMFFs in combination with the rescaled CLAY-based partial point
charges is able to accurately catch important aspects of higher-level QM
calculations. The thorough characterization and validation of fully FA-
coatedDBTFe3O4 (001) surfaces against theirQMcounterparts, alongwith
classical NP thickness predictions for small and large pristine Fe3O4 NPs
compared to higher-level DFT/HSE06 and DFTB calculations, provide a
useful set of reference data that can be translated to larger systemswhere the
QM treatment is prohibitive, such as the distance and orientation of
anchoring molecules adsorbed on the Fe3O4 (001) surface as well as the
overall structure of the inorganic core such as shape and thickness65,66.

Hence, we propose a step-by-step computational protocol to generate
reliable starting-point structures for a large NP structure (5 nm size) to be
used as the inorganic core for attachment of PEG chains. In summary, we
have four steps in this process: I) cut of the cubic-shapedNP structure from
the magnetite bulk and displacement of CHARMM-based zwitterionic
carbamate (CA) anchoring molecules with their carboxylate groups on all
pairs of octahedral Fe3+ sites exposed on the NP surface; II) adjustment of

the partial atomic charges of NP atoms ensuring the system’s electro-
neutrality followed by a classical energy minimization of the whole carba-
mate (CA)-coatedNPsystem in vacuum; III) removal of the capping -NH3

+

terminal group from the adsorbed CA ligands on the NP surface and IV)
formation of the covalent bond between the carbon atom of -COO- groups
adsorbed on theNP surface and the first carbon atomof -CH2-PEGX-NH3

+

chains (-OOC-CH2-PEGX-NH3
+), assigning the proper bonded parameters

according to CGenFF. We illustrate all these steps in Fig. 4.
Another important consideration in this approach is the choice of the

anchoring ligand used to coat the Fe3O4 NP surface, as these groups will
serve as the basis for attaching larger biomolecules on it later. Since no QM
optimization is feasible for such a large NP core, we aim to retain as much
QM information as possible learned from the smaller systems, such as, the
average distance between the oxygen atoms of the anchoring groups and
their respective adsorption iron sites on the Fe3O4 NP surface.

In a scenariowherewehave used the dissociated formof formic acid, in
which each anchoring ion bears a formal negative charge of –1 e, a situation
of non-electroneutrality arises in the system. Hence, we propose herein the
use of the closest organic ligand to FA possessing a zero net charge, namely
CA. This anchoringmolecule, due to its zwitterionic nature, bears a zero net
charge, which ensures the system’s electroneutrality in vacuum without
substantialmodifications of the partial atomic charges in theNP core, while
also avoiding artifacts related to the utilization of standard long-range sol-
vers to evaluate electrostatic forces of systems with a non-zero net charge
during the classical minimization.

Particular attention has been given to the distance between the oxygen
atoms in the carboxylate group of CA and their corresponding adsorption
iron sites on the Fe3O4NP surface.We start testing the same set of LJ (12-6)
parameters adopted for the FA case, where the CHARMM-based LJ (12-6)
parameters for the oxygen atoms in FA are swapped with the ones provided
in the mCLAY FF, since the latter perform better in describing the distance
between the oxygen atoms in the carboxylate group of FA and their
respective adsorption sites on theDBTFe3O4 (001) slab surface.Weobserve
that the mCLAY-based LJ (12-6) parameters overestimate the distance
between the oxygen atoms and the iron sites compared to theQMreference.
Considering that CHARMM-based LJ (12-6) parameters for the oxygen
atoms of carboxylate inCApossess a smaller LJ sigma and similar LJ epsilon
values compared to themCLAY-based ones,we reassign back the former set
of LJ (12-6) parameters for the oxygen atoms in CA and perform a classical

Fig. 4 | Modeling workflow for building up the starting-point structures of the
HoCo-PEG500, HeCo-PEG500/1k, and HoCo-PEG1k nanosystems. Red dashed
lines indicate the breakage of covalent bonds in the carbamate ions of the coating,

while yellow dashed lines indicate the formation of covalent bonds for the attach-
ment of polymer chains.
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energy minimization step to check the average Fe-OCA distances. As
expected, we observe an improvement in Fe-OCA distances compared to the
DFT/HSE06 and DFTB predictions. The classical prediction of the Fe-OCA

distances has an average value of 2.02 Å for the CA ligands over mostly the
NP surface and slightly longer (2.10 Å) for the CA ligands on the NP edges.
The DFTB and DFT/HSE06 predictions are 1.98–1.99 Å for the Fe-OFA

distances on the Fe3O4 (001) slab surface, respectively. Figure 5 shows the
Fe-OCA distance distributions and their corresponding regions on the DBT
Fe3O4 (001) NP facets. Moreover, we compile in Table 5 all the necessary
bonded and non-bondedFF parameters for the classical optimization of the
CA-coated 5 nm Fe3O4 NP in vacuum.

With step (IV) of our protocol, we can successfully construct the
starting-point structures for the HoCo-PEG500, HeCo-PEG500/1k, and
HoCo-PEG1k Fe3O4 nanosystems. As detailed in Section “Preparation of
Structural Models”, HoCo-PEG500 refers to the homogeneous coating with
PEG500 chains, HeCo-PEG1k/500 refers to the heterogenous coating with a
50/50 mixture of PEG1k and PEG500, and HoCo-PEG1k refers to the
homogeneous coating with PEG1k chains. Furthermore, PEGX-NH3

+ refers
to the positively charged NH3

+ terminal group of PEGX chains, where “X”
generically represents all PEG chain types when the PEG length is not
relevant to the discussion. Since substantial evidence from both DFT cal-
culations (Supplementary Note 2 and Supplementary Table 6) and
experiments under ultra-high vacuum conditions15,67,68 supports the brid-
ging bidentate binding as the most favorable anchoring group configura-
tion,wededicate thenext section to investigatewhether this holds truewhen
the nanosystems are immersed in a realistic physiological solution, based on
the FF predictions.

Anchoring group binding and stability on 5 nm Fe3O4 nano-
particles in solution
Transitions in the binding configurations of anchoring groups, such as
carboxylates switching between monodentate and bidentate modes, can
occur on organic-coatedmetal oxide surfaces in solution69,70. To evaluate the
extent of these conformational transitions at the Fe3O4 NP surface at the
classical level, we perform two sets of MD simulations using different
modeling approaches: 1) In thefirst, the entire systemevolves freely, withno
rigid body approximation imposed, relying solely on the FF directives
(All relaxed); 2) In the second, the rigid body approximation is applied
exclusively to the Fe3O4 atoms, allowing the rest of the system to evolve
according to the FF directives (Rigid NP).

Table 6 shows a comparison of the different modeling approaches on
the average distance between the carboxylate oxygen atoms and their cor-
responding Fe anchoring sites on the NP surface (Fe—O). It also details the

total number and percentages of anchoring groups that are adsorbed
(in either bridging or chelating bidentate configurations or monodentate
configurations) or desorbed, out of the total 432 ligands, over the entire
production phase across all the six MD simulations.

Our results show that in both modeling approaches, most anchoring
groups maintain a bridging bidentate configuration, with only a small
fraction transitioning to the monodentate mode and an even smaller frac-
tion acquiring a chelating bidentate configuration or fully desorbing from
the Fe3O4 NP surface (Table 6). When the rigid body approximation is
imposed on theNP core, the average Fe—O distance in bidentate anchoring
groups slightly increases by approximately 0.10 Å. Furthermore, anchoring
groups that transition to the monodentate configuration display similar
average Fe—O distances for the desorbing oxygen atom.

Regarding the total number of anchoring groups that maintain the
bridging bidentate configuration or transition to a chelating bidentate or
monodentate configuration during the production phase, we find that
imposing the rigid body approximation at the NP core level retains a higher
number of these anchoring groups in the bridging bidentate configuration.
Furthermore, complete desorption of anchoring groups is minimal and
occurs in only a tiny fraction of the ligands, regardless of the modeling
approach adopted.

Fig. 5 | Frequency of Fe-OCA distances in the optimized carbamate-coated 5 nm
Fe3O4 NP structure. The distribution of Fe-OCA is presented, with bar colors cor-
responding to their respective regions on the DBT (001) NP facets (inset).

Table 5 | (a) Combination of partial atomic charges, LJ (12-6)
mCLAY and CHARMM FF parameters utilized for the
geometry optimization of the carbamate-coated 5 nm Fe3O4
NP structure. (b) Set of CHARMM FF parameters for the
bonded interactions (bonds, angles, dihedrals, and improper
parameters) in carbamate

(a)

Atom types ϵij kcal=mol
� �

σ ij Að Þ q (e)

Fe3þtet 9:0298 10�6� �
4:0722 þ1:530

Fe3þoct 9:0298 10�6� �
4:0722 þ1:498

Osurf 0:1554 3:1655 �1:000

Fe3þtet=bulk 9:0298 10�6� �
4:0722 þ1:574

Fe2þ=3þ
oct=bulk

9:0298 10�6� �
4:0722 þ1:352

Obulk 0:1554 3:1655 �1:050

Hcar 0:0460 0:4000 þ0:254

Ccar 0:0700 3:5636 þ0:576

Ncar 0:2000 3:2963 þ0:168

Ocar 0:1200 3:0291 �0:753

(b)

Bonds Kb kcal=mol
� �

b0 Å
� 	

Ccar � Ncar 365.0000 1.4200

Ccar �Ocar 525.0000 1.2600

Ncar � Hcar 403.0000 1.0400

Angles Kθ kcal=molrad2� �
θ0 °
� �

Kub kcal=Å
2

� 	
rub Å

� 	

Ccar � Ncar � Hcar 38.0000 112.0000 0.0000 0.0000

Hcar � Ncar � Hcar 44.0000 109.5000 0.0000 0.0000

Ocar � Ccar � Ncar 40.0000 116.0000 50.0000 2.3530

Ocar � Ccar �Ocar 100.0000 128.0000 70.0000 2.2587

Dihedrals Kχ kcal=mol
� �

n δ °
� �

weightfactor

Ocar � Ccar � Ncar � Hcar 0.2000 2 180.0000 1.0000

Ocar � Ccar � Ncar � Hcar 0.1500 6 0.0000 0.0000

improper Kimp kcal=mol
� �

φ0 kcal=mol
� �

Ccar �Ocar �Ocar � Ncar 96.0000 0.0000
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In summary, our findings suggest that the bridging bidentate config-
uration is the preferred binding mode for carboxylate anchoring groups on
the Fe3O4 NP surface, with a modest number transitioning to a mono-
dentate configuration and a minimal fraction acquiring a chelating biden-
tate configuration or undergoing complete desorption, even in the presence
of solvent and ions.

Experimental evidence confirms that the oxygen in anchoring groups
forms highly stable and irreversible Fe—O bonds on the Fe3O4 NP surface
under physiological conditions54,71. This stability is likely enhanced by the
reducedwater content near the surface of polymer-coatedNPs, favoring the
bridging bidentate configuration of carboxylate groups by minimizing
competition for Fe binding sites. Therefore, we opt to apply the rigid
approximation to both the Fe3O4 NP core and the anchoring groups, fixing
the latter in thebridgingbidentate configurationat their optimizeddistances
obtained with CA ligands (as detailed in Sections “Preparation of Structural
Models” and “Coating Realistic-size 5 nm Fe3O4 Nanoparticles”). This
choice is further supportedbyDFT calculations (SupplementaryNote 2 and
Supplementary Table 6) and experimental studies in ultra-high vacuum
conditions15,67,68, which identify the bridging bidentate as the most stable
anchoring group configuration on the DBT Fe3O4 (001) surface. The use of
this approximation also aligns with our understanding that the imple-
mented FF still requires further validation on its capability to quantitatively
predict binding configurations and their transitions in realistic solution
conditions, making the use of the stable bridging bidentate configuration
across all polymer-coated NP models a reasonable approach for this study.

Case study of NH3
+-terminated PEG-coated 5 nm Fe3O4 nano-

particles in aqueous solution: the impact of non-homogeneous
length of polymer chains
This final section focuses on investigating the applicability of the HoCo-
PEG500, HeCo-PEG500/1k, and HoCo-PEG1k nanosystems for quantifying
properties that hold significant potential in the design of tailored nanosys-
tems for nanomedical applications. Experimental findings indicate that the
polymer length and coating composition of PEGylated Fe3O4 NPs are cri-
tical parameters for controlling their magnetization properties, polymer
structure, and colloidal stability19,24,72. Additionally, the chemical nature of
the terminal groups of these chains, such as amine groups, plays a key role in
facilitating functionalization and conjugation with bioactive molecules26–28.

In the following, we analyze the impact of different PEG coating
compositions on key properties of the polymeric corona surrounding the
NP core.

Figure 6 illustrates the final snapshot of the simulated Fe3O4 nano-
systems with the following coating compositions: (a) HoCo-PEG500,(b)
HeCo-PEG1k/500, and (c)HoCo-PEG1k in physiological solution after a
100 ns long MD production phase.

Coating thickness and radius of gyration. The control of polymeric
coating thickness (e.g. polymer chain length) is fundamental for tailoring
nanosystem properties to enhance their functionality and performance,
for instance, in preventing or controlling the formation of the protein
corona73,74, modulating the presentation of bioactivemolecules on theNP
surface22,75, and so forth. Another important aspect of polymer coating is
how the coating composition (e.g. heterogeneous or homogeneous
coating) may impact the molecular conformation of these polymeric
chains within the polymer corona.

Although the polymeric coating thickness can be accurately measured
experimentally76, it is often difficult for experimentalists to understand the
intricate interactions behind it atmolecular level. Hence, we provide further
understanding on how the overall polymeric thickness is impacted by the
three different polymer coating compositions.

To do so, we begin by estimating the PEG thickness from the calcu-
lation of the number densityof PEGparticles radially distributed around the
NP core having its geometric center as reference. The coating thickness is
defined here as the difference between the minimum rmin and maximum
rmax distances from theNPsurface according toEq. (4),where gcoat rmin

� � ¼
0:05 and gcoat rmax

� � ¼ 0:95, therefore corresponding to 90% of probability
in finding the polymeric coating particles in that region over the simulation
time77.

gcoat rð Þ ¼
4π

N2
coat

Z r

0

XNcoat

i¼1

δD ri � r0
� �� �

dr0 ð4Þ

Yet an important aspect from an experimental point of view is the
quantification of the Radius of Gyration (RoG) of polymeric chains in the
polymer corona, which is a common characterization in polymer physics78

and routinely assessed byMD simulations. At its core, this analysis provides
useful information about the spatial extent of the polymer coatingmolecules
and contributes to a better understanding of the conformational behavior
and flexibility of these molecules in solution and can be given by Eq. (5).

R2
gyr ¼

1
M

XN
i¼1

mi ri � R
� �2 ð5Þ

In this section,weunveil the impact ofdiverse coatingmorphologies on
thePEGcoating thickness andRoGofpolymer ligandsdecorating theFe3O4

NP. Figure 7 shows the average values of PEGcorona thickness and theRoG
for all three systems depicted in Fig. 6.

Figure 7 reveals a significant increase in PEG coating thickness when
transitioning from HoCo-PEG500 to HeCo-PEG1k/500. We also see an
increase in thickness when shifting fromHeCo-PEG1k/500 to HoCo-PEG1k,

Table 6 | Average distances of oxygen atoms in carboxylate
anchoring groups to their corresponding adsorption Fe sites
on the 5 nm Fe3O4 nanoparticle surface, categorized by their
binding mode configuration (bridging or chelating bidentate
configurations, or monodentate configuration) and the
average number of adsorbed or desorbed anchoring groups
for the HoCo-PEG500, HeCo-PEG1k-500, and HoCo-PEG1k
nanosystems

(a)

All relaxed HoCo-PEG500 HeCo-PEG1k/500 HoCo-PEG1k

Fe—O (bridging)a 2.01 ± 0.07 2.01 ± 0.07 2.01 ± 0.07

Fe—O (chelating)a 2.06 ± 0.07 2.07 ± 0.06 2.07 ± 0.07

Fe—O
(monodentate)a

2.86 ± 0.91 2.83 ± 0.88 2.83 ± 0.88

Bridging bidentateb 333 ± 13
(77.08%)

331 ± 12
(76.62%)

319 ± 17
(73.84%)

Chelating bidentateb 5 ± 2 (1.15%) 7 ± 1 (1.62%) 6 ± 3 (1.39%)

Monodentateb 88 ± 10 (20.37%) 87 ± 10 (20.14%) 101 ± 13
(23.38%)

Desorbedb 6 ± 2 (1.40%) 7 ± 2 (1.62%) 6 ± 2 (1.39%)

(b)

Rigid NP HoCo-PEG500 HeCo-PEG1k/500 HoCo-PEG1k

Fe—O (bridging)a 2.10 ± 0.07 2.10 ± 0.07 2.09 ± 0.07

Fe—O (chelating)a 2.12 ± 0.07 2.14 ± 0.07 2.13 ± 0.06

Fe—O
(monodentate)a

2.84 ± 0.90 2.79 ± 0.85 2.81 ± 0.86

Bridging bidentateb 376 ± 8
(87.04%)

372 ± 12
(86.11%)

354 ± 14
(81.94%)

Chelating bidentateb 1 ± 1 (0.23%) 1 ± 1 (0.23%) 2 ± 1 (0.46%)

monodentateb 52 ± 6 (12.04%) 57 ± 11 (13.20%) 74 ± 14 (17.14%)

desorbedb 3 ± 1 (0.69%) 2 ± 1 (0.46%) 2 ± 1 (0.46%)
aFor the bridging and chelating bidentate configurations, the average Fe—O distance is taken from
both adsorbed oxygen atoms in the carboxylate anchoring group, while for the monodentate
configuration, the reported averages correspond only to the Fe—O distances of desorbed
carboxylate oxygen atoms.
bThe average number of adsorbed or desorbed anchoring groups is taken over the 50 ns MD
production run.
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though to a lesser extent. This suggests that the presentation of PEG1k-NH3
+

chains towards the bulk-water phase behaves similarly in both cases, where
most of these chains acquire a brush conformation towards the bulk-
water phase.

Upon analyzing the RoG values of PEG500-NH3
+ chains across the

HoCo-PEG500 and HeCo-PEG1k/500 coatingmorphologies, we find distinct
effects on their conformational behavior. HeCo-PEG1k/500 coating reduces
theRoGofPEG500-NH3

+ chains (6.65Å) compared to the identical polymer

Fig. 6 | Fe3O4 nanosystems with varying PEG coating morphologies. Final snapshots of simulated 5 nm Fe3O4 nanoparticles with different polymer coatings featuring:
a homogeneous PEG500 coating, b heterogeneous PEG1k/500 coating with 50/50 mixture of PEG500 and PEG1k chains, and c homogeneous PEG1k coating.

Fig. 7 | Coating thickness and radius of gyration across different PEG coating
morphologies. Comparison of coating thickness and radius of gyration for Fe3O4

nanoparticles with HoCo-PEG500, HeCo-PEG1k/500, and HoCo-PEG1k coatings,

highlighting the structural differences across the three different morphologies. Only
the RoG of PEG1k chains is plotted for HeCo-PEG1k/500, while the RoG of PEG500

chains is given in the text.
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chains in the HoCo-PEG500 coating (Fig. 7), suggesting that some steric
suppression by longer PEG1k-NH3

+ chains over the shorter PEG500-NH3
+

chains might be happening. On the other hand, we find no significant
changes in theRoGof PEG1k-NH3

+ chains by changing fromHeCo-PEG1k/

500 toHoCo-PEG1k, suggesting that the presentation of PEG1k-NH3
+ chains

towards the bulk-water phase behaves similarly in both cases, wheremost of
these chains acquire a brush conformation.

Order parameter of PEG chains. An effective polymeric coating
depends on the proper balance of several coating parameters, which in
turn directly impacts the dynamics of polymer chains within the coating
corona, a critical aspect for tailoring nanosystem’s properties.

Order parameter assessment, routinely adopted in biophysical studies
of biomolecular assemblies79, has also proven useful in assessing how tun-
able parameters like chain length, chemical nature, and composition of
polymer coatings impact the overall ordering and conformation of their
components within the polymeric corona80–82.

Thus, we quantify the order parameter to identify the ordering of PEG
chains in the system models according to Eq. (6).

SOO ¼ 0:5 3cos2θ � 1
� �� � ð6Þ

where θ is the angle formed between the principal axis normal to each DBT
Fe3O4 (001) NP facet and the vectors formed by pairs of subsequent oxygen
atoms along the PEG chain, starting from the vector formed between the
two closest oxygen atoms in the two nearest PEGmonomer units at the NP
surface up to the vector formed between the two oxygen atoms in the PEG
monomer units farther away from the NP surface. Average Soo values are
taken over all coating ligands and over the 50 ns long production phase.

Figure 8 depicts the order parameter of PEG1k-NH3
+ chains com-

posing the HoCo-PEG1k and HeCo-PEG1k/500 coatings (Fig. 8a), and the
PEG500-NH3

+ chains constituting the HoCo-PEG500 and HeCo-PEG1k/500

coatings (Fig. 8b). In Fig. 8a, we observe a clear pattern of chain ordering
near to the NP surface, which rapidly transitions into a random ordering
regime up to the mid-length of NH3

+-PEG1k chains, acquiring mostly
extended conformations with their chain’s distal part exposed in the bulk-

water phase (Fig. 8a1), enclosed within the outer region of the PEG corona
(Fig. 8a2), or retained within the inner region of the PEG corona driven by
H-bonds interaction between the terminal amine group and the available
oxygenatomson theNPsurface (Fig. 8a3). From the tenthPEGmonomeric
unit on, PEG1k–NH3

+ chains behave quite similarly whatever homo-
geneous, or heterogeneous coating morphologies are adopted. However, a
substantial difference canbe spotted at thedistalmonomericunits ofPEG1k-
NH3

+ chains– the heterogeneous coating favors amore randomorientation
of the distal portion of PEG1k-NH3

+ chains while the homogeneous coating
induces an enhanced chain ordering effect instead. This observation can be
attributed to a less dense and crowded outer region within the hetero-
geneous PEG corona yielding an enhanced influx of water molecules at this
region compared to the homogeneous coating, and therefore, higher
molecularmobility of the distal PEGmonomers in the PEG1k-NH3

+ chains.
Figure 8b reveals a quasi-symmetric order parameter observed around

thefifthmonomericunit of PEG500-NH3
+ chains inbothHoCo-PEG500and

HeCo-PEG1k/500 coatings. We see a high ordering pattern of PEG500-NH3
+

chains near to the NP surface, which decreases rapidly to a random regime
up to the mid-length of these chains, similarly to what we observe in the
PEG1k-NH3

+ case (Fig. 8a). However, from the fifthmonomeric unit on, we
see an increasing ordering again regardless of whether a homogeneous or
heterogeneous coating morphology is adopted, differing from what we
observe in the PEG1k-NH3

+ chains.
Further analysis reveals that PEG500-NH3

+ chains not only can adopt
extended conformations (Fig. 8b1) but also exhibit a considerable occur-
rence of mushroom conformations (Fig. 8b2) throughout the MD simula-
tion trajectory. This mushroom conformation occurs to a higher extent
compared to the extended ones in the case of PEG500-NH3

+ chains and is
even more pronounced in the heterogeneous coating, where most of the
positively charged PEGX-NH3

+ terminal groups are completely enclosed
within the PEG corona either interacting with the oxygen atoms in the PEG
monomer units or with the oxygen atoms exposed on the NP surface.

Lastly, RMSD analysis (Supplementary Note 3 and Supplementary
Fig. 1) corroborates the observations above regarding the highermobility of
PEG1k-NH3

+ chains compared to PEG500-NH3
+ chains. Interestingly, we

can also observe that the type of coating has a direct effect on themobility of

Fig. 8 | Order parameter and representative conformations of PEG chains across
different coating morphologies. Order parameter for a PEG1k-NH3

+ chains in
HoCo-PEG1k andHeCo-PEG1k/500 coatingmorphologies, bPEG500-NH3

+ chains in

HoCo-PEG500 and HeCo-PEG1k/500 coating morphologies. On the top, the most
representative polymer conformations are superimposed over the last 50 ns of MD
simulation for (a1, a2, a3) PEG1k-NH3

+ chains and (b1, b2) PEG500-NH3
+ chains.
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these polymer chains throughout the simulations. In the HeCo-PEG1k/500

coating, PEG1k-NH3
+ chains show greater mobility (higher RMSD values),

while PEG500-NH3
+ chains become less mobile (lower RMSD values)

compared to their counterparts in homogeneous coatings.

Polymer Corona H-Bonding analysis. A fundamental, and still open
question revolves around the factors determining the ability of the
polymeric coating layer surrounding NPs in controlling/suppressing the
protein corona formation. An experimental assumption explaining the
effectiveness of PEG coating layers in preventing the adsorption of
proteins relies on the ability of these hydrophilic chains in binding a large
amount of water molecules, through h-bonds, to their many available
ether groups. PEG hence creates a highly viscous layer made of coordi-
nated water molecules that shield the coated NP surface from further
protein adsorption83–88. Thus, the verification and understanding, at
molecular level, of the mechanism behind the formation of this experi-
mentally hypothesized layer within the polymeric corona is of utmost
relevance.

Therefore, we investigate the H-bonding among the nanosystem’s
components and surroundings across the three different coating composi-
tions. Figure 9 shows the average number of H-bond formation occurring
between thenanosystem’s components andwatermolecules, andamong the
nanosystem’s components, as a function of radial distance from the NP
geometric center towards the bulk-water phase. The cumulative number of
H-bonds in the radial profiles is then normalized by the simulation length to
more accurately reflect the frequency of H-bonds occurring around the NP
over time.We counted as an H-bond formation when both of these criteria
are satisfied: I) the distance between H-bond donor and the H-acceptor is
less than 3.0 Å; II) the supplementary angle to the one formed between the

H-donor and H-acceptor heavy atoms, having the hydrogen atom as the
vertex, is less than 20°.

For the sake of discussion, we split the polymeric coating corona in two
main regions: the “inner region”of thePEGcoronabeginning at the shortest
distance from theNP geometric center to its surface (25 Å) up to 45 Å from
theNPcenter and an “outer region”of thePEGcorona starting at 45 Åup to
the bulk-water phase (at about 90 Å from the NP surface).

In Fig. 9a, we find that the tight polymeric packing within ~2 Å from
the NP surface yields a reduced number of H-bonds formations between
PEGX-NH3

+ chains and water molecules, regardless of the chain length or
coating morphology employed. Then, we observe a rapid increase in the
number of H-bonds within the inner PEG corona region (at about 10 Å
from the NP surface), where no significant differences are observed among
the different coatings.Moreover, as wemove towards the outer PEGcorona
region, we identify that the higher the PEG1k-NH3

+ chain content, the
greater the occurrence of H-bonds between the coating ligands and water
molecules - in bothHoCo-PEG1k andHeCo-PEG1k/500morphologies, these
H-bond formations extend beyond 50 Å farther from the NP surface.
Interestingly, we observe that water molecules can formH-bonds with PEG
chains across thewhole coating layer, creatingmultiple layers of coordinated
water molecules within the polymeric coating. For additional details on
H-bond formation without anchoring group restraints, refer to Supple-
mentary Note 4 and Supplementary Fig. 2.

Figure 9b presents the H-bond formation within the PEG corona
between the chain’s terminal group and the monomeric PEG units, for the
three different coatingmorphologies.We observe that themaxima peaks of
H-bonds occur within the inner polymeric corona region for all three cases.
Among these, we observe that the HeCo-PEG1k/500 morphology exhibits a
slightly more internalized peak compared to the HoCo-PEG500 and HoCo-

Fig. 9 | Polymer corona H-bonding across different PEG coating morphologies.
Number of H-bond formations between a PEGX-NH3

+ chains and water molecules,
b PEGX-NH3

+ terminal groups and PEG units of PEGX-NH3
+ chains, c PEG1k-

NH3
+ terminal groups and PEG units of PEGX-NH3

+ chains, and d PEG1k-NH3
+

terminal groups and NP. For the sake of comparison between HoCo-PEG1k and
HeCo-PEG1k/500 coatings in panels c and d, the number ofH-bonds is normalized by
the total number of coating chains based on their type and content.
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PEG1k morphologies. As we move from inner to the outer PEG corona
region, there is a substantial decrease in the formation ofH-bond up to 25 Å
from the NP surface - beyond this point, the formation of H-bonds is
practically extinguished in theHoCo-PEG500 case, whereas both theHeCo-
PEG1k/500 and HoCo-PEG1k coatings still exhibit a considerable number of
H-bonds extending up to 50 Å from the NP surface, with the latter mor-
phology showing a more pronounced effect among all.

Figure 9c reveals that theHeCo-PEG1k/500 coating yields a reduction of
H-bonds between PEG1k-NH3

+ terminal groups and PEG monomers
within the inner region of the PEG corona, while the HoCo-PEG1k coating
appears to enhance these interactions. A similar trend is found in Fig. 9d,
where theHeCo-PEG1k/500 coating shows a reduction in the overall number
of H-bond formed between the positively charged PEG1k-NH3

+ terminal
groups and the Fe3O4 NP core. The mechanism behind this is likely due to
the steric effects of the longer PEG1k-NH3

+ chains over the shorter ones in
the HeCo-PEG1k/500 coating, increasing the packing/density of the latter
near theNPsurface and subsequently hampering the access of PEG1k-NH3

+

terminal groups in that region.
Despite the coating morphology adopted, the formation of H-bonds

between PEGX-NH3
+ chains and water molecules are the most abundant.

The higher the content of PEG1k-NH3
+ chains in the polymeric coating, the

higher the H-bonds occurrence between the nanosystem’s coating ligands
and solvent molecules. Interestingly, our analysis also unveils the
H-bonding formation among the nanosystem’s components. This ismainly
driven by intermolecular H-bonds between positively charged PEGX-NH3

+

terminal groups and either oxygen atoms of polymeric units of PEG or
available oxygen atoms on the NP surface, in that order of relevance in
contributing to the H-bonding formation within the PEG corona.

Discussion
In this work, we have presented a computational protocol for accurate and
robust modeling of realistically-size Fe3O4 nanocube-shaped cores for
designingofmorecomplexexperimentally relevantFe3O4-basednanosystems.

Through our study, we have demonstrated the effectiveness of
employing rescaledCLAY-based partial atomic charges and themCLAYFF
for Fe3O4 atoms, thereby expanding its applicability to the biomolecular
CHARMM FF. This FF combination has shown satisfactory transferability
across different dimensionalities of Fe3O4 materials, even at length scales
beyond the reach of full quantum mechanics characterization, and their
interactions with organic molecules of common chemical composition (H,
C, O, and N atoms).

Furthermore, to highlight the practical implications of our work, we
have built and simulated polymer coated Fe3O4-based nanosystems with
different coating morphologies having the designed realistic-size 5 nm
Fe3O4 NP as inorganic core. This case study allowed us to thoroughly
investigate the interplay between polymer length and coating composition
on key nanosystem properties, including polymeric coating thickness,
polymer chain’s order parameter, and H-bonding within the PEG corona.

Our findings have unveiled interesting trends: transitioning from
HoCo-PEG500 to HeCo-PEG1k/500 coatings leads to significant increase in
coating thickness, while minimal impact on this parameter is found when
changing from HeCo-PEG1k/500 to HoCo-PEG1k coating. Additionally, we
observed distinct conformational preferences, with PEG500 chains favoring
a mushroom-like shape and enhanced ordering, with most PEG500-NH3

+

terminal groups remaining internalized within the polymeric corona layer
driven by an elevate number of H-bonds regardless of coatingmorphology.
Rather, longer PEG1k chains favor an extended conformation increasing
randomness and disordering at the chain’s distal portions towards the bulk-
water accompanied by substantial decrease in H-bonds within the inner
region of the polymer corona.

Interestingly, HeCo-PEG1k/500 coating enhances even further dis-
ordering/mobility and loss of H-bonds of PEG1k chains within the inner
regionof the polymer corona compared to theHoCo-PEG1k coating.On the
other hand, the HeCo-PEG1k/500 coating enhances distal ordering and
decreases mobility of PEG500 chains compared to the HoCo-PEG500

coating. These findings suggest the existence of a complex correlation
between polymer length and coating morphology, highlighting the
importance of the assessment of these parameters in polymer-coated
nanosystem’s designing.

In conclusion, this study provides a practical computational protocol
and the necessary set of validated FF parameters for designing zero-
dimensional cubic-shaped Fe3O4 structures interfacing biomolecular
assemblies of common organic composition, backed by a systematic accu-
racy assessment viamulti-level computational techniques.We envision that
this workwill serve as the basis for classicalmodeling of realistic-size Fe3O4-
based nanosystems, paving the way for more efficient design of next-
generation nanomaterials for nanomedical applications.

Methods
Density Functional Theory (DFT) calculations
Hybrid density functional theory calculations (HSE06)89 were carried out
using the CRYSTAL17 package90. For the validation against experimental
data of the standard hybrid functional HSE06 as a robust theoretical
approach to describe structural, electronic, and magnetic properties of
magnetite system, please refer to ref. 91, where some of us also analyzed the
effect of reducing the fraction of the exact exchange, in comparison with
B3LYPandPBE+Ucalculationswith differentUvalues. TheKohn−Sham
orbitals are expanded inGaussian-typeorbitals: the all-electronbasis sets are
H|511G(p1), C|6311G(d11), O|8411G(d1) (for magnetite oxygen atoms),
O|8411G(d11) (for adsorbed molecules oxygen atoms), and Fe|
86411G(d41). The convergence criteria of 10−6 Hartree and 4.5 × 10−4

Hartree/Bohr for total energy and forces, respectively, were used during
self-consistent field calculations and geometry optimization, according to
the scheme previously used for Fe3O4

37,50,91 For the 2D slab calculations, the
irreducible Brillouin zone was sampled with a 3 × 3 × 1 k-points grid
generated with the Monkhorst-Pack scheme92.

Density Functional Tight-Binding (DFTB) calculations
SCC-DFTB (short for Self-Consistent redistribution of Charges Density
Functional Tight-Binding) calculations were carried out using the DFTB+
software93. SCC-DFTB is an approximate method that turns DFT into a
tight-binding schemeand is derived from the second-order expansion of the
Kohn-Sham DFT total energy with respect to the electron density fluctua-
tions. The SCC-DFTB total energy can be written as in Eq. (7):

Etot ¼
Xocc
i

εi þ 1=2
XN
α;β

γα;βΔqαΔqβ þ Erep ð7Þ

where the first term is the sum of the one-electron energies εi coming from
the diagonalization of the corresponding Kohn-Sham Hamiltonian matrix
(where all three-center integrals are neglected),Δqα andΔqβ are the induced
charges on the atoms α and β, respectively, and γα;β is a Coulombic-like
interaction potential. Erep is a short-range pairwise repulsive potential.
Neglecting three-center contributions from the Kohn-Sham Hamiltonian
enables the use of integral tables, usually referred to as parameters. More
details about the SCC-DFTBmethod can be found elsewhere94,95. DFTBwill
be used as shorthand for SCC-DFTB. For the Fe-Fe, Fe-H and Fe-C
interactions, we used the “trans3d-0-1” set of parameters96. For theO-O,H-
O, H-H, O-C, H-C and C-C interactions we used the “mio-1-1” set of
parameters97. For the Fe-O interactions, we used the Slater-Kosterfilesfitted
by some of us previously51, which can well reproduce the results for
magnetite bulk and surfaces from HSE06 and PBE+U calculations. This
refitting procedure of the Fe-O repulsive interactions in the “trans3d-0-1”
parameter set, performed usingDFT calculations with the PBE functional51,
enhanced the accuracy of the DFTB+U method in describing the lattice
parameters, charge distribution, and electronic properties (including charge
disproportion of Fe ions) for bulk Fe3O4 and its (001) surface

51. The refitted
DFTB parameter set was then also validated for their accuracy in describing
adsorption energies, structural properties, and hydrogen-bond networks at
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the Fe3O4 (001)/water interface, with DFTB+U results aligning closely
with DFT/HSE06 predictions and experimental data36. Furthermore, these
parameters yielded fair accuracy in predicting the structural, electronic, and
magnetic properties of realistic-sized Fe3O4 nanoparticles, with results
consistent with hybrid DFT/HSE06 calculations and experimental EXAFS
spectra37. To further validate the “trans3d-0-1” and “mio-1-1” DFTB
parameter sets inpredicting structural andenergetic properties at theFe3O4/
organic interface, a set of optimization calculations at lowcoverage regimeof
acetic acid (one dissociated or undissociated molecule per cell) on the DBT
Fe3O4 (001) surface were conducted at the DFT/HSE06 and DFTB levels of
theory. The resulting interatomic distances and adsorption energy values
showed close agreement between DFT/HSE06 and DFTB methods, as
reported in SupplementaryNote 2 and Supplementary Table 6. To properly
deal with the strong correlation effects among iron 3d electrons98,
DFTB+U with an effective U-J value of 3.5 eV was adopted according to
our previous work on magnetite35–37,45,50,51,91. The convergence criterion of
10−4 a.u. for forces and the convergence threshold on the SCC procedure of
10−5 a.u. were used during geometry optimization together with conjugate
gradient optimization algorithm. For the DFTB+U MD (DFTB MD)
simulations, the Velocity Verlet driver was set with a timestep of 0.5 fs. The
trajectories were obtained from 50 ps NVT runs at 300 K, using an
Andersen thermostat. The convergence threshold on the SCC procedure of
5 × 10−3 a.u. was used during the MD production.

Classical Molecular Dynamics (MD) calculations
The bonded and non-bonded interactions were treated using the
CHARMM potential energy functions implemented in the LAMMPS code
(version 21 Nov 2023)99,100, which can be written asin Eq. (8):

Etotal ¼ Enonbond þ Ebonded

Enonbond ¼
P

nonbond
4ϵij

σ ij
rij

� 	12
� σ ij

rij

� 	6

 �

þ qiqj
ϵrij

� 

Ebonded ¼
P
bonds

Kb b� b0
� �2 þ P

angles
Kθ θ � θ0

� �2 þ Kub r � rub
� �2

þ P
dihedral

Kχ 1þ cos nχ � δ
� �� �þ P

improper
Kimp φ� φ0

� �2
ð8Þ

in which arithmetic mixing rules were utilized to obtain the cross-term
parameters for Lennard-Jones (12-6) interactions between unlike atoms as
given in Eqs. (9) and (10)

ϵij ¼ ϵiϵj

� 	1
2 ð9Þ

σ ij ¼
1
2

σ i þ σ j

� 	
ð10Þ

The long-range solver Particle-Particle Particle-Mesh (P3M)101 handled
the electrostatic interactions with a real-space cut-off of 12 Å smoothly
switching forces to zero beyond 10Å with a threshold of 10-5 for the error
tolerance in forces. For 2DperiodicMDsimulations,we utilized themodified
P3M solver using the slab correction implementation proposed by Yeh and
Berkowitz102 dumping out any spurious inter-slab interactions. The LJ (12-6)
interactions were truncatedwith a 12 Å cut-off distance in the real space with
forces smoothly switching to zero beyond 10 Å. Details on the CHARMM
functional forms for the force switching scheme can be found elsewhere103. In
allMD simulations reported herein, aminimization phase was carried out to
minimize the total potential energy in all systems, followed by an equilibra-
tionphase50 ns long.TheMDproductionphase explored150 nsof thephase
space in the NVT ensemble at 303.15 K held constant by the Nosé-Hoover
thermostatwithadampingcoefficient at 1.0 ps−1, and thefinal analysis results
were calculated over the last 50 ns of production phase. The SHAKE
algorithm104 was applied to constrain the O—H bonds and the H—O—H
bond angles of water molecules, while all other bonded interactions in the

systems were treated dynamically according to their respective FF para-
meters. Newton’s equations of motion were integrated in time using the
Velocity-Verlet integrator with a timestep of 2.0 fs.

Data availability
The authors declare that themain data supporting the findings of this study
are available within the article and its Supplementary Information file.
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