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Effect of dopamine-functionalization, charge and
pH on protein corona formation around TiO2

nanoparticles†

Paulo Siani and Cristiana Di Valentin *

Inorganic nanoparticles (NPs) are gaining increasing attention in nanomedicine because of their stimuli

responsiveness, which allows combining therapy with diagnosis. However, little information is known

about their interaction with intracellular or plasma proteins when they are introduced in a biological

environment. Here we present atomistic molecular dynamics (MD) simulations investigating the case

study of dopamine-functionalized TiO2 nanoparticles and two proteins that are overexpressed in cancer

cells, i.e. PARP1 and HSP90, since experiments proved them to be the main components of the corona in

cell cultures. The mechanism and the nature of the interaction (electrostatic, van der Waals, H-bonds,

etc.) is unravelled by defining the protein residues that are more frequently in contact with the NPs, the

extent of contact surface area and the variations in the protein secondary structures, at different pH and

ionic strength conditions of the solution where they are immersed to simulate a realistic biological

environment. The effects of the NP surface functionalization and charge are also considered. Our MD

results suggest that less acidic intracellular pH conditions in the presence of cytosolic ionic strength

enhance PARP1 interaction with the nanoparticle, whereas the HSP90 contribution is partly weakened,

providing a rational explanation to existing experimental observations.

1. Introduction

The development of engineered nanoparticles (NPs) with
unique and modulable surface properties is opening up a
myriad of potential applications in nanomedicine1,2 and has
been in the spotlight of mainstream biomedical research and
development.3,4 Upon entering the blood plasma, it is well-
established that biomolecules are readily adsorbed onto NPs,
thus conferring a distinct “biological identity” to these newly-
formed bio-inorganic complexes.5,6 This macromolecular fin-
gerprint composed of proteins surrounding the NPs upon
contact with the biological milieu is widely known as protein
corona.7,8

Ordinarily, a protein corona is constituted by an inner layer
of proteins strongly adsorbed on the NP surface (so-called
hard corona) and an outer layer of proteins loosely bound to
the hard corona layer mainly via protein–protein interactions.
Exchange time rates of strongly and weakly bounded proteins
are dictated by the kinetic rate of adsorption and desorption
in the protein corona, also known as the “Vroman effect”.9 The

balance between the residence time and association rates
determines the protein corona composition over time.

Controlling the protein corona formation upon entrance of
NPs in the biological medium is of utmost importance to meet
the criteria for a broad range of biomedical applications.10–12

An effective way is to design NPs with surface properties that
regulate protein-binding affinity, which rely on a molecular
understanding of the NP surface chemistry.13,14 Surface
functionalization has been proven an attractive route to design
NPs with controlled protein corona formation since it creates a
single- or multi-component layer interfacing the NP and the
proteins in the biological milieu and provides tunable physico-
chemical properties, such as surface charge15 and hydrophobi-
city,16 which can be modulated using a vast range of chemical
compounds, such as small organic molecules (e.g.,
dopamine,17,18 3,4-dihydroxyphenylacetic acid (DOPAC)18),
polymers (e.g., polyethylene glycol (PEG)),12 zwitterionic
ligands,19 macromolecules (e.g., DNA oligonucleotides,20–22

oligopeptides23,24 and proteins25,26), and so forth.
Interestingly, functionalization with organic ligands contain-
ing either amine (positively charged at physiological pH) or
carboxyl (negatively charged at physiological pH) groups
strongly affects the hard corona composition.27 Another critical
aspect of controlling the features of protein adsorption onto
NPs is the presence of mobile ions in solution. Wang et al.

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1nr07647g

Dipartimento di Scienza dei Materiali, Università di Milano Bicocca, Via Cozzi 55,

20125 Milano, Italy. E-mail: cristiana.divalentin@unimib.it

This journal is © The Royal Society of Chemistry 2022 Nanoscale, 2022, 14, 5121–5137 | 5121

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
/1

0/
20

25
 6

:3
9:

59
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

www.rsc.li/nanoscale
http://orcid.org/0000-0003-4163-8062
http://crossmark.crossref.org/dialog/?doi=10.1039/d1nr07647g&domain=pdf&date_stamp=2022-03-25
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1nr07647g
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR014013


have found that high ionic strength conditions make poly-
styrene NPs colloidally unstable, and the adsorbed proteins
seem to promote NP agglomeration.28

From a theoretical perspective, numerical molecular
dynamics (MD) simulations have been proven a powerful tool
to investigate the role, for instance, of NP charge29 and size,30

surface chemistry31 and pH changes32 on the binding affinity
of proteins and their cellular delivery, of the overall NP charge/
neutrality on the adsorption of globular proteins,33 of NP
ligand surfactants in the protein–NP interactions,34 and of
conformational changes of proteins in the corona.35 MD simu-
lation analyses have often focused on physico-chemical pro-
perties, such as intermolecular forces, residues contacts,
surface area of contact, and secondary structure changes of
corona proteins to understand better the molecular mecha-
nism of protein corona formation adsorbed onto
nanomaterials.29,31,36–40 Recently, Wang et al.41 have combined
all-atom MD simulations and experimental methods to acquire
a detailed picture of secondary structure changes of bovine
serum albumin (BSA) protein corona onto gold nanorods: they
found an increased content of β-sheets and loops while a
decreased content of α-helix structures after BSA adsorption.
With a similar computational/experimental approach, Lu
et al.42 have determined that protein–NP interactions can be
modulated by the degree of hydroxylation over graphene and
gold nanomaterials. Moreover, Khan et al.43 have systemati-
cally investigated the role of surface ligands varying their
hydrophobicity, density, and charges using a set of experi-
mental methods in combination with a computational
docking study. Interestingly, they found that short hydro-
phobic chains with positively charged amine-based head-
groups attached to a gold NP strongly favor protein binding.

It is worth recalling that the protein corona formation in
the biological milieu comprehends a much higher level of
complexity than single-protein experiments and spans time-
scales much longer than those reachable by all-atom MD
simulations.44,45 Invariably, it is necessary to resort to models
with a reduced level of resolution to study systems containing
greater complexity (e.g., multiple proteins and NPs in solution)
and processes that occur in long-time scales (e.g., exchanges of
soft corona proteins and NP–cell interactions). Simulation
techniques such as implicit solvent methods,46 coarse-graining
methods,31–33,38,44,47,48 mean-field theory,49 and multiscale
methods34,38,39,44,50 have been successfully applied to mitigate
these limitations.

A molecular understanding of how the NP surface chem-
istry affects not only the protein corona formation and compo-
sition in the blood plasma but also after their internalization
and localization within cells is an essential step towards more
effective and safe applications in vivo.51,52 Once taken by cells,
the protein corona composition acquired in the blood plasma
is changed upon adsorption of intracellular proteins, which in
turn determines the NP fate. Recent experimental findings
have shown that cytotoxicity and localization of NPs within
cells is surface charge-dependent, and this tunable parameter
can specify the mechanism of cell death.53,54 For instance,

Schaeublin et al.54 have noticed that Au NPs functionalized
with positively or negatively charged ligands have a preferential
location for intracellular compartments and trigger cell death
via apoptosis, whereas, neutral Au NPs are preferentially
observed to locate in the cytoplasm and to induce cell death
via necrosis. In addition, Asati et al.53 have shown that posi-
tively and negatively charged CeO2 NPs are preferentially
located in lysosomes and trigger cytotoxicity effects in cancer
cells. Moreover, Huang et al.55 have found that negatively
charged NP surfaces enhance both penetration and accumu-
lation into tumor cells because of a corona formed by serum
proteins.

Among the myriad of proteins within human cells, two are
of particular interest in the protein corona formation with
nanomaterials. One is the so-called heat shock proteins
(HSPs), which are overexpressed as a physiological response to
cellular stress and severe pathological conditions. Specifically,
HSP90 proteins (acronym due to their approximate molecular
weight of 90 kDa) exist as two cytoplasmic isoforms, namely
HSP90-α and HSP90-β.56 They are mostly located in the cyto-
plasm and linked to cellular pathways such as cell signaling,
cellular differentiation, RNA synthesis, and preventing protein
aggregation. Furthermore, it is well-known that the cytosolic
isoforms of HSP90 play a pivotal role in pathological processes
where the cellular machinery is under stress, such as cancer,
cystic fibrosis, diabetes, neurodegenerative diseases, and
others.57 The second is the nuclear protein poly(ADP-ribose)
polymerase 1 (PARP1), which is mainly localized in the nucleo-
plasm and implicated in multiple cellular processes.58,59

Among them, the repair of single-stranded DNA plays a funda-
mental role in the proliferation and death of cells. It is also
noteworthy to mention the use and implication of PARP1
inhibitors to impair the upregulation of DNA repair mecha-
nisms and trigger the tumor cell death, therefore, improving
the clinical outcome.60 Hence, the NPs may affect the normal
trafficking of hard and soft corona proteins in the intracellular
milieu. A recent study by Soto Veliz et al.61 has suggested a
downregulation and depletion of PARP1 and HSP90 proteins
in fibroblast cells due to the corona formation with calcium
carbonate nanomaterials. Interestingly, Lastra et al.17 have
investigated the protein corona composition of non-targeted
dopamine functionalized TiO2 NPs in the intracellular milieu
of human cervical cancer (HeLa) cells and noticed depletion of
HSP90 and PARP1 proteins from HeLa cell cultures.
Furthermore, the authors found out that these two proteins
were the primary constituent of the NP’s protein corona
showing different degrees of binding.

In the present computational study, we clarify how the
surface chemistry of fully-decorated dopamine 2.2 nm TiO2

NPs (whose structure was obtained in a previous study by
some of us through quantum mechanical – density functional
theory – calculations)62–65 affects the protein corona formation
with two intracellular proteins, namely PARP1 and HSP90,
under explicit water solvation. The NP model and the proteins
we consider here are the same as those studied experimentally
by Lastra et al.17 Tunable protonation states of the terminal
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amine group of dopamine (DA) ligands (pKa ∼9.75) at physio-
logical and alkaline conditions allow a realistic modulation of
the NP surface charge, giving rise to a cationic (net charge +46)
and a neutral NP (net charge zero) model, respectively. The pH
effect is also considered on the HSP90 and PARP1 titratable
residues in the presence or absence of ionic strength. Since
the isoelectric point (pI) for HSP90 falls within a pH range of
4–5, this protein will bear a negative net charge at physiologi-
cal pH conditions. While, for PARP1, since the pI falls within a
pH range of 8–9, this protein will bear a positive net charge at
physiological pH conditions.

To preserve the atomistic details and allow a detailed study
of relevant molecular interactions involved in the protein
corona formation and stability onto NPs, we use classical
molecular dynamics simulations based on the all-atom
Chemistry at HARvard Macromolecular Mechanics (CHARMM)
force field. Since the protein corona formation takes place at
time scales out of reach to standard all-atom MD simulations
under explicit water solvation, we mitigate this limitation by
implementing an MD simulation scheme that combines a pre-
relaxation of the protein–NP complexes using implicit MD
simulations followed by a further long-time MD simulation
under explicit solvation. Within this simulation scheme, the
solvent effect in the pre-treatment phase is accounted
implicitly using the distance-dependent-dielectric (DDD)
method originally implemented in the CHARMM MD
code,66,67 which speeds up the adsorption process of proteins
onto the NPs and affords reliable starting-point structures for
the protein–NP complexes to be further studied under explicit
water solvation at different pHs in the presence or absence of
physiological ionic strength conditions.

2. Computational methods
2.1 Molecular dynamics simulations

2.1.1 General MD simulation protocol. The starting struc-
ture of the dopamine-decorated 2.2 nm-sized anatase TiO2 NP
model adopted here has a stoichiometry of (TiO2)223·10H2O
and is fully decorated with 46 dopamine molecules. This dopa-
mine-decorated TiO2 NP model results from previous work62

and the protocol used to obtain the equilibrated structure
using high-level density functional based tight binding (DFTB)
and density functional theory (DFT) QM calculations can be
found elsewhere.63,64 The structures of PARP1 (PDB
ID:4R5W68) and HSP90 (PDB ID:1BYQ69) proteins were down-
loaded from the Protein Data Bank (rcsb.org)70,71 and prepro-
cessed using the CHARMM-GUI Solvation Builder.72,73 The
standard Solvation Builder minimization and equilibration pro-
tocol were carried out to remove the protein restraints gradu-
ally. The protonation state of protein residues was assigned
using PROPKA74,75 at physiological (pH 7.4) and alkaline (pH
11.5) conditions. The rationale behind the choice of these pH
values is that, under these aqueous solution conditions, DA
ligands are fully protonated or fully deprotonated, giving rise
to a cationic and a neutral NP model, respectively. Bonded and

non-bonded parameters for the proteins and DA ligands were
assigned using the CHARMM36 FF76–79 and the water mole-
cules using the CHARMM TIP3P water model.80–82 The partial
atomic charges and Lennard-Jones (12-6) parameters for the
TiO2 NP were assigned according to the coordination number
of the titanium and oxygen atoms using an optimized version
of the original Matsui-Akaogi FF83 refined by Brandt et al.84

The TiO2 nanoparticle core was treated as an independent,
single rigid body, able to move and rotate in the system. This
treatment allows the TiO2 core to be treated as a dynamic par-
ticle in the simulation box while keeping its DFTB-optimized
geometry and avoiding any misshaping during the MD simu-
lation. All MD simulations were carried out using the
CHARMM implementation in the LAMMPS code (version 29
Oct 2020, http://www.lammps.org).85

2.1.2 Implicit solvent MD simulations. The protocol to
search for a proper starting structure for the protein–NP com-
plexes is detailed in section 2.3. The DDD approach was
adopted to recover the solvent effects in an implicit manner.
All MD simulations were carried out in the canonical ensemble
(NVT) with the temperature (T = 303.15 K) held constant by
using a Langevin friction force with the damping coefficient at
0.1 ps−1. The long-range solver particle–particle particle-mesh
(PPPM)86 handled the electrostatic interactions with a real-
space cutoff of 10 Å and a threshold of 10−5 for the error toler-
ance in forces. The short-range Lennard-Jones 12-6 inter-
actions were truncated with a 10 Å cutoff with a switching
function applied beyond 8 Å. Newton’s equations of
motion were solved using the Velocity-Verlet integrator with a
timestep of 2 fs. The SHAKE algorithm87 imposed the holo-
nomic constraints on all covalent bonds involving hydrogen
atoms.

2.1.3 Explicit solvent MD simulations. After relaxation by
implicit MD simulations (section 2.3), the most stable protein–
NP complexes were then solvated in a large cubic box of expli-
cit TIP3P water molecules with their edges placed at least 10 Å
far from the protein–NP complexes. The water molecules over-
lapping or lying at distances shorter than 2.0 Å from the
protein and NP surfaces were removed, and K+ and Cl−

counter-ions were added accordingly to keep the system’s elec-
troneutrality. Systems under physiological ionic strength con-
ditions were set by adding KCl at 0.15 M in solution. The MD
production phase explored 300 ns of the phase space in the
NVT ensemble at T = 303.15 K under periodic boundary con-
ditions (PBC). The temperature was held constant by using a
Langevin friction force with the damping coefficient at
0.1 ps−1. The long-range solver PPPM86 handled the electro-
static interactions with a real-space cutoff of 10 Å and a
threshold of 10−5 for the error tolerance in forces. For the
short-range Lennard-Jones 12-6 potential, we utilized a cutoff
of 10 Å with a switching function applied beyond 8 Å.
Newton’s equations of motion were integrated in time using
the Velocity-Verlet integrator with a timestep of 1.5 fs. The
SHAKE algorithm87 was used to impose holonomic constraints
on all covalent bonds, including hydrogen atoms. Table 1 sum-
marizes all MD simulations studied in this work.
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2.2 NP models and charge states

The TiO2 NPs are functionalized with 46 dopamine (DA)
ligands. This model has been obtained by quantum mechani-
cal calculations, based on density functional theory, in pre-
vious works.62–65 Here, the relative atomic positions of Ti and
O atoms are kept rigid during all the MD simulations, whereas
the DA atoms are allowed to move. The charge state of the NP
is determined by the protonation state of the DA amino group:
at physiological pH conditions (7.4), we consider the DA
amino group to be protonated (cationic NP), whereas at alka-
line pH conditions (11.5) we consider the DA amino group to
be deprotonated (neutral NP).

For the sake of comparison, we also performed some MD
simulations of protein corona formation around an identical
non-functionalized TiO2 NP. The results are summarized and
briefly discussed in the ESI.†

2.3 Starting-point geometries for protein–NP complexes

One major limitation of full-atomistic models applied to large-
scale simulations of biomacromolecular systems lies in the
restricted time and length scales that such an approach can
reach compared to real experiments. It is well-known in the lit-
erature that full-atomistic MD simulation of macromolecules,
such as large proteins in solution, retains a highly starting-
structure dependence due to insufficient sampling of the con-
formational phase.88,89 Hence, if the disposition of macro-
molecules in a particular complex is not known beforehand,
arranging such large molecules within a certain region of
space using molecular packing algorithms (a common
approach to generate starting-point structures for MD simu-
lations) does not guarantee that the resulting geometry will be
the most energetically stable one.

To tackle this issue, we propose a three-step MD framework
that combines (1) a pre-relaxation via implicit DDD simu-
lations, (2) identification of the most stable protein–NP
complex by evaluating the total energy of protein–NP com-
plexation, (3) explicit water solvation of the most stable
protein–NP complexes (obtained in step 2) followed by full-ato-
mistic MD simulations up to 300 ns. Scheme 1 summarizes
each step in the simulation protocol adopted in this work.

Due to the large surface area of the PARP1 dimer, we
have simulated multiple starting-point structures for the
PARP1-NP complex through implicit MD simulations. A
single NP was positioned at three different locations around
PARP1, while two different NP locations were tested around
HSP90, as shown in Fig. 1. Besides, we also provide a more
detailed picture of the secondary structure of PARP1 and
HSP90 in Fig. 2, as assigned in their respective X-ray
structures.68,69

In the starting-structure A (Fig. 1a), the NP is positioned
facing the PARP1 catalytic domain, near to the β-turns (β-8 and
β-9, Fig. 2a) and α-helix ends (αH-4, αH-5, and αH-12, Fig. 2a).
In the starting-structure B (Fig. 1b), the NP is put near to the
PARP1 catalytic domain but facing the β-1 sheet, the αH-1 and
the αH-8 ends (Fig. 2a) instead. In the starting-structure C, we
positioned the NP at the interface between the two PARP1
α-helical domains (Fig. 1c).

We applied the same protocol to obtain the starting-struc-
ture for the HSP90-NP complex to be simulated through expli-
cit solvent MD simulations. Due to the smaller HSP90 surface
area compared to PARP1, we positioned the NP at two different

Table 1 Summary of explicit solvent MD simulations carried out in this
work. For the details on the NP model and charge state see section 2.2.
The ionic salt introduced in the simulation box is KCl at 0.15 M
concentration

Protein Nanoparticle
NP
charge Solvation pH Salt

MD
time

PARP1 DA-TiO2 Cationic Explicit 7.4 Yes 300 ns
Cationic Explicit 7.4 No 300 ns
Neutral Explicit 11.5 Yes 300 ns
Neutral Explicit 11.5 No 300 ns

HSP90 DA-TiO2 Cationic Explicit 7.4 Yes 300 ns
Cationic Explicit 7.4 No 300 ns
Neutral Explicit 11.5 Yes 300 ns
Neutral Explicit 11.5 No 300 ns

Scheme 1 Workflow of the implicit–explicit solvent MD simulation
framework adopted in this work.
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locations on the former protein surface. In the starting-struc-
ture D (Fig. 1d), the NP is positioned facing the HSP90 α-helix
domains (Fig. 2b) whereas in the starting-structure E (Fig. 1e),
we placed the NP facing the β-sheet domains of HSP90
(Fig. 2b).

Based on the energetic analysis of the protein–NP com-
plexes obtained after relaxation through implicit solvent MD
simulations, we found that the starting-structure A (Fig. 1a) for
the PARP1-NP complex and the starting-structure E for the
HS90-NP complex showed the lowest total energy, and there-
fore the most stable protein–NP complexes (please see ESI† for
details).

3. Simulation analysis

To unveil the driving forces behind the protein–NP corona for-
mation at a molecular-to-particle-level, we quantify the follow-
ing MD descriptors over the MD production phase that are
well-known to play a pivotal role in the protein–NP
complexation:

3.1 Closest contact distance and NP angular orientation

To verify the closeness between proteins and NPs after the
complex formation as well as the NP orientation to the protein
corona residues, we estimate both the closest contact distance

Fig. 1 (a–c) Starting structures of PARP1-NP and (d and e) HSP90-NP complexes pretreated using implicit solvent MD simulations. Color codes: red
(O atoms), pink (Ti atoms), cyan (C atoms), blue (N atoms), white (H atoms), light blue (β-sheet domains), light green (α-helix domains).
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between protein–NP and the angle formed between two
vectors: one vector defined from the NP center passing
through its north pole, and a second vector defined from the

NP center to the center-of-mass (C.O.M.) of protein corona
residues adsorbed on the NP surface (please see Fig. 3 for
details).

Fig. 2 Protein secondary structures of (a) PARP1 and (b) HSP90 protein isomers.

Fig. 3 Contour plot of NP angular orientation and closest distance between NP and protein over the last 50 ns of MD production. For the sake of
clarity, DA ligands around the TiO2 NP core are not shown. The following letter codes stand for: (a) PARP1 and cationic NP complex at pH 7.4, (b)
PARP1 and neutral NP complex at pH 11.5, (c) HSP90 and cationic NP at pH 7.4, and (d) HSP90 and neutral NP complex at pH 11.5, (e) PARP1 and cat-
ionic NP at pH 7.4 + KCl at 0.15 M, (f ) HSP90 and cationic NP at pH 7.4 + KCl at 0.15 M, (g) PARP1 and neutral NP at pH 11.5 + KCl at 0.15 M, (h)
HSP90 and neutral NP at pH 11.5 + KCl at 0.15 M. Top: Definition of angular orientation and closest distance descriptors estimate to the protein–NP
complex over the MD production phase are given in section 3.1.

Paper Nanoscale

5126 | Nanoscale, 2022, 14, 5121–5137 This journal is © The Royal Society of Chemistry 2022

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
/1

0/
20

25
 6

:3
9:

59
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1nr07647g


3.2 Surface area of contact

This MD descriptor estimates the surface area extent of the
protein corona adsorbed onto NPs. In other words, this MD
descriptor quantifies the total area of the NP surface covered
by the protein corona as a function of MD simulation time. To
accurate quantify the surface area of contact in the protein–NP
complexes, we made use of the Voronoi tessellation via the
Voro++ implementation in LAMMPS.90

3.3 Contact probability and protein secondary structure

To identify and characterize the molecular moieties involved
in the protein corona and examine the protein structural
changes over the MD simulation, we estimate the probability
density for each protein’s amino acid residue adsorbed on the
NP surface as well as the protein secondary structure that they
belong to. In the contact probability analysis, we count as a
contact when atoms belonging to different selections are
within a cutoff less than 3.0 Å.

3.4 Hydrogen-bonding

To quantify the occurrence of hydrogen-bonds (H-bonds) in
the protein–NP complex, we track each protein’s amino acid
residue forming H-bonds with the dopamine-decorated TiO2

NP during the MD simulation. We count as an H-bond when
both the following geometrical criteria are satisfied: (1) the dis-
tance between the H-donor and H-acceptor heavy atoms is less
than 3.5 Å; (2) the angle between the H-donor and H-acceptor
heavy atoms, having the hydrogen atom as vertex, is less than
30°.

3.5 Electrostatic and van der Waals interactions

To evaluate the energetic nature of molecular interactions in
the protein–NP corona, we quantify the total interaction
energy between proteins and NPs breaking it down into its
electrostatic and vdW components.

4. Results and discussion

In this work, we investigate the role of dopamine-functionali-
zation, NP charge, ionic strength, and pH conditions on the
corona formation and composition of two intracellular pro-
teins, namely PARP1 and HSP90, around TiO2 NPs. Through
this work, we estimate relevant biophysical properties arising
from the protein–NP interactions. The following section will
first elucidate the degree of engagement between protein and
NP and the preferential NP orientation to the protein corona
through an extensive analysis of structural MD descriptors.
Next, we will quantify the surface area extent of PARP1 and
HSP90 corona adsorbed onto NPs through Voronoi analysis
and characterize, based on the contact probability and second-
ary structure analysis, the molecular composition and the
most relevant changes in the secondary structure of molecular
moieties involved in the protein corona. Further, we will shed
light on the importance of intermolecular forces in driving
and keeping the protein–NP corona stable by quantifying, sep-

arately, the electrostatic and vdW interactions in the protein–
NP complexes. Finally, we will discuss our results in light of
recent theoretical and experimental studies available in the
literature.

4.1 Equilibrium distance and NP orientation to the protein
corona

The MD descriptors analyzed here, namely the closest contact
distance and the angular NP orientation, are used to check the
NP orientation and equilibrium distance to the protein corona
over the MD trajectories. Although these MD descriptors do
not provide relevant information about the extent or nature of
the protein–NP corona, they are helpful to quantify both the
protein closeness and the NP orientational behavior to the
respective protein corona.

As shown in Fig. 3, the closest contact distances fall within
a narrow range of values (from 1.5 to 1.7 Å) for all protein–NP
complexes, indicating stable engagement between the NPs and
their respective proteins in the system through the whole MD
production phase. However, the angle formed between the two
predefined vectors, defined in section 3.1, i.e. the first from
the NP center to the NP north pole and the second from the
NP center to the C.O.M. of protein corona residues, shows a
broader range of values among the protein–NP complexes
under study here. We observe that the neutral NP leads to
more scattered angle values in the case of PARP1 or HSP90 in
solution.

Noteworthy, we observe a more perpendicular orientation
of the cationic NP south–north pole direction to the PARP1
corona residues (∼69.3°) than the neutral NP (∼39.7°), as seen
in Fig. 3a and b. In contrast, we notice that the cationic NP
acquires a slightly more parallel orientation (∼50.1°) of its
south–north pole axis towards the vector passing through the
NP center and the C.O.M. of HSP90 corona residues (Fig. 3c),
as compared to the neutral NP (∼61.3°) (Fig. 3d).

Regarding the variation of the NP angular orientation upon
KCl addition in solution, we observe that in all protein–NP
complexes, independently if physiological or alkaline pH con-
ditions are set, the angular values formed between the two pre-
defined vectors above (see section 3.1) become higher, and
therefore, more perpendicular to the protein corona residues
adsorbed on the NP surface, compared to the same complexes
in the absence of salt. As seen in Fig. 3e vs. 3a, cationic NP
moves its south–north pole direction farther from the PARP1
corona residues (122.3° vs. 69.3°, respectively) due to the pres-
ence of physiological ionic strength, whereas only a slight
effect is observed in Fig. 3g vs. 3b in the case of neutral NP
(45.4° vs. 39.7°, respectively). Higher angular values are also
observed between the HSP90 corona residues and NPs upon
adding KCl in solution (Fig. 3f and h), although to a lesser
extent than what is observed in the PARP1-NP complexes. For
the HSP90-NP complexes, we estimate that cationic and
neutral NPs keep an average angular value of about 66° to the
HSP90 corona residues adsorbed on their surface, whether
physiological or alkaline pH conditions are set.
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Moreover, the native contacts analysis (for further details,
please see section S2 in the ESI†) shows a distinct trend for
the protein–NP complexes whether cationic or neutral NPs are
present in solution, as seen in Fig. 4. PARP1 and HSP90 estab-
lish a higher number of native contacts with the neutral NP
(light green and maroon lines, respectively) compared to the
cationic one in the absence of ionic strength in solution (dark
green and violet lines, respectively). Overall, we notice that
alkaline pH conditions lead to a higher number of contacts in
both PARP1- and HSP90-NP complexes. Under physiological
ionic strength conditions, we observe an opposite trend for the
HSP90-NP complexes, as shown in the inset of Fig. 4 (violet
and maroon lines). There is a considerable increase in the
number of contacts between HSP90 and the cationic NP (violet
line in the inset of Fig. 4) compared to the same complex
under no ionic strength conditions (violet line in Fig. 4). In
addition, for the PARP1 complexes, we see that the number of
contacts between PARP1 and the neutral NP (light green line
in the inset of Fig. 4) becomes slightly higher compared to the
PARP1 complex formed with the cationic NP in the absence of
salt (light green line in Fig. 4).

Even after shedding light on the MD structural descriptors
analyzed above, crucial information about the extension of the
protein corona adsorbed on the DA-functionalized NP’s
surface and about the molecular-driven force behind it is still
lacking. The following sections provide a quantitative analysis
in this regard.

4.2 Surface extent of protein–NP corona

The contact surface area is an informative MD descriptor to
examine the surface extent of protein’s adsorption onto the NP
surface. To this end, we quantify the contact surface area at
the protein–NP interface utilizing Voronoi tessellation (details

in ESI†). Fig. 5 shows the contact surface area for the protein–
NP complexes constituted by HSP90 and PARP1 proteins and
cationic and neutral NPs, respectively.

As seen in Fig. 5, PARP1 shows more extensive adsorption
on the neutral NP surface, with an average value of 270 ±
34 Å2. While, for the cationic NP, the extent of surface area of
PARP1 corona has an average value of 166 ± 30 Å2. These
results indicate a higher tendency of PARP1 adsorption onto
the neutral NP than the cationic NP one. On the other hand,
HSP90 has its more extensive corona formation onto the cat-
ionic NP surface, with an average value of 448 ± 32 Å2. While,
for the neutral NP, the HSP90 adsorption onto its surface
slightly drops to an average value of 417 ± 30 Å2.

Noteworthy, the pH modulation of titratable residues in
both DA ligands and proteins, and hence their protonation
states and respective charges, have a more substantial effect on
the extent of PARP1 corona than what we observe in the HSP90
complexes. As shown in Fig. 5, we see that the PARP1 adsorption
drops 38.5% due to the protonation of DA ligands under physio-
logical pH conditions. On the other hand, we notice a slight
increase (7.3%) of HSP90 corona extension on the cationic NP
compared to the neutral NP one. Besides, we observe that both
neutral and cationic NPs partially disrupt the HSP90 secondary
structure leading to a substantial increase in the contact surface
area compared to other complexes. An in-deep analysis of sec-
ondary structures changes is given in section 4.3.

In the presence of physiological ionic strength in solution,
we observe an opposite trend on the surface area extent of
PARP1 and HSP90 corona formed on the NP surfaces, as seen
in the inset of Fig. 5. On the one hand, we notice an increase
in the surface area extent of PARP1 corona onto the neutral NP
(320 ± 55 Å2), and to a lesser extent onto the cationic NP (171 ±
27 Å2) due to KCl addition in solution. On the other hand, we
identify a decrease in the surface area extent of HSP90 corona
on the NP surfaces, whether neutral (383 ± 48 Å2) or cationic

Fig. 4 Number of native contacts between (violet) HSP90 and cationic
NP at pH 7.4, (maroon) HSP90 and neutral NP at pH 11.5, (dark green)
PARP1 and cationic NP at pH 7.4, (light green) PARP1 and neutral NP at
pH 11.5 over the last 50 ns of MD production phase. Inset: number of
native contacts in the protein–NP complexes under physiological ionic
strength (the same color codes are used).

Fig. 5 Contact surface area of PARP1 and HSP90 proteins onto neutral
and cationic NPs over the last 50 ns of MD production phase. The fol-
lowing color codes are used: (light green) PARP1 and neutral NP, (dark
green) PARP1 and cationic NP, (maroon) HSP90 and neutral NP, and
(violet) HSP90 and cationic NP.
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(315 ± 16 Å2) charged, under physiological ionic strength in
solution. For the PARP1-NP complexes, the presence of ionic
strength in solution has a more significant effect on the
surface area extent of PARP1 corona formed onto the neutral
NP, showing an increase of about 19% compared to the same
protein–NP complex in the absence of salt in solution. While,
for the HSP90-NP complexes, we see a substantial decrease of
about 30% in the surface area extent of HSP90 corona on the
cationic NP surface compared to its counterpart in the absence
of ionic strength in solution.

However, the molecular mechanism behind such phenom-
ena and how the NP presence affects the protein structure is
still unknown. To fill this gap, we investigate the role of each
amino acid and its respective protein secondary structures
implicated in the NP-corona formation in the following
section.

4.3 Molecular identity of adsorbed protein residues and
protein secondary structure changes

To unveil the molecular nature and specificity that drives the
protein adsorption onto the NP surface, we estimate the
contact probability density of each amino acid residue belong-
ing to the protein corona and the changes in the protein sec-
ondary structure upon corona formation. In particular,
through these MD descriptors, we can assess the probability of
finding a particular amino acid residue adsorbed on the NP
surface and assign the protein secondary structures that each
of them belongs to. These MD descriptors are also used to
guide the H-bond analysis in the following section (section
4.4).

Fig. 6 and 7 show the probability of finding a particular
amino acid residue of PARP1 or HSP90 adsorbed onto the
neutral or cationic NPs, in the presence or absence of ionic
strength in solution, respectively, over the last 50 ns of MD pro-
duction trajectories.

PARP1 corona residues in the β-turns (44.4%), α-helix
(36.5%), and random-coil (19.1%) secondary structures, in this
order, are more likely to be adsorbed onto the cationic NP, as
evidenced in Fig. 6a. Compared to the PARP1 secondary struc-
ture analysis in the absence of NP (please see Table S5, ESI†),
we notice a considerable increase in the random-coil structures
due to interactions with the cationic NP, whereas we see no
substantial changes in the α-helix and β-turns secondary struc-
tures. Furthermore, we observe that the main contribution to
the contact probability density occurs between the protonated
DA ligands and the negatively charged aspartate (ASP726), and
glutamate (GLU715 and GLU840) residues, the three of them
belonging to an α-helix secondary structure in PARP1. To a
lesser extent, GLU809, GLU842, ASP965, ASP807, and ASP805 con-
tribute to the PARP1 corona contacts with the cationic NP.

Under alkaline pH conditions (Fig. 6b), we notice that
random-coil (56.5%), β-turns (29.6%), and α-helix (13.9%) sec-
ondary structures are the protein motifs that contribute most
to the PARP1 corona on the neutral NP. It is observed that
neutral DA ligands favor the molecular engagement mostly
with the non-polar methionine (MET661 in a random-coil sec-

ondary structure) and the negatively charged aspartate (ASP788

in a random-coil secondary structure) residues of PARP1. To a
lesser extent, polar serine (SER786 and SER663 in a mixed
β-turns/coil secondary structure), lysine (LYS664 and LYS662 in a
mixed β-turns/coil secondary structure), and negatively
charged aspartate (ASP791 in an α-helix secondary structure)
residues also adsorb on the neutral NP surface.

In the HSP90-NP complexes, we identify a higher degree of
adsorbed amino acid residues forming the protein corona
than those found in the PARP1-NP complexes under equivalent
pH conditions. Under physiological pH conditions, the
HSP90 motifs that contribute most to the protein corona are
random-coil (77.8%), β-turns (22.0%), and extended (0.2%).
Compared to HSP90 in the absence of the cationic NP, we
observe, on the one hand, a decrease in the β-turn secondary
structures and, on the other hand, an increase in the random-
coil secondary structure (please see Table S6, ESI†). As shown
in Fig. 6c and d, we see an equivalent number of amino acid
residues forming the HSP90 corona onto the NPs, whether
under physiological or alkaline pH conditions. At alkaline pH
conditions, the HSP90 motifs promoting the protein corona
are the following: random-coil (56.4%), β-turn (35.3%), and
extended (8.3%).

Next, we reveal the molecular identity of HSP90 corona resi-
dues involved in the protein corona formation onto NPs.
Under physiological pH conditions, as shown in Fig. 6c, we see
a higher contact probability between the cationic NP and the
negatively charged aspartate (ASP71 and ASP157 in a mixed
β-turn/extended and β-turn configuration, respectively) and
glutamate (GLU158 and GLU16 in a random coil secondary
structure) residues of HSP90. To a lesser extent, aspartate
(ASP156, ASP66, and ASP9), serine (SER68), proline (PRO11), glu-
tamate (GLU14 and GLU13), and glutamine (GLN10) also con-
tribute to the HSP90 corona under physiological pH con-
ditions. Under alkaline pH conditions (Fig. 6d), we identify a
preferential interaction between the neutral DA ligands and
the polar glutamine (GLN10 in a mixed β-turn/extended sec-
ondary structure), glutamate (GLU158 in a mostly random-coil
secondary structure), and threonine (THR176 in a random-coil
secondary structure) residues of HSP90. Furthermore, we also
detect some residual contacts occurring between the neutral
NP and a myriad of HSP90 residues, namely, glutamate
(GLU13, GLU178, and GLU234), glutamine (GLN10, GLN159),
glicine (GLY177), threonine (THR174), methionine (MET12) and
aspartate (ASP175) residues.

Moreover, we also investigate how the presence of ionic
strength in solution impacts the selectivity of protein residues
adsorbing onto NPs (Fig. 7). In the presence of cationic NPs
and physiological ionic strength in solution, we notice that the
protein corona residues in PARP1 and HSP90 resemble the
ones found in the absence of salt. For the PARP1-NP complex
in the presence of the cationic NP (Fig. 7a), we identify GLU809,
GLU842, and ASP807 as the most significant residues to the
PARP1 corona. While, for the HSP90-NP complex under the
same pH conditions above (Fig. 7c), we see that GLU158,
GLU14, and GLN10 are the most relevant residues in the HSP90
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corona. However, we observe a considerable change in the
profile of PARP1 and HSP90 residues that contribute to the
protein corona under physiological ionic strength and alkaline
pH conditions (neutral NP), as compared to the same protein–
NP complexes in the absence of salt in solution. We identify
the LYS748 and LYS747 residues as the most relevant to the
PARP1 corona with the neutral NP (Fig. 7b). Furthermore, for
the HSP90-NP complex under alkaline conditions (Fig. 7d), the
GLN10 residue shows the same probability to adsorb onto the

neutral NP in the presence or absence of ionic strength, contri-
buting the most to the protein corona formation.

From the analysis above, we can infer that the protonation
state and the respective charge modulation of ionizable resi-
dues in both proteins and the NP ligands (DA) play a vital role
in the degree of molecular contacts, and furthermore, in the
secondary structure changes of protein motifs that maintain
stable the protein–NP corona. In this section, we have charac-
terized the degree of molecular contact and the prominent

Fig. 6 Probability density of PARP1 or HSP90 corona residues adsorbed onto neutral and cationic NPs and their protein secondary structures over
the last 50 ns of MD production phase. For the sake of clarity, DA ligands around the TiO2 NP core are not shown but only protonation or charge
state is indicated by + or 0. (a) PARP1 and cationic NP complex at pH 7.4, (b) PARP1 and neutral NP complex at pH 11.5, (c) HSP90 and cationic NP
complex at pH 7.4, (d) HSP90 and neutral NP complex at pH 11.5. (e, left-hand side) color code for the protein secondary structures, (e, right-hand
side) color code for the electrostatic potential.
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protein motifs involved in the protein corona formation over
the NP surface. However, the molecular details of these
protein–NP interactions supporting the corona are still
unknown, and the next section sheds light on this matter.

4.4 Hydrogen-bonds in the protein–NP corona

To better understand the underlying nature of the molecular
interactions that occur at the protein–NP corona and quan-
tify it, we calculate the number of H-bonds formation for

the most relevant protein residues in contact with the DA-
decorated NPs during the MD production phase (section
3.4). Analysis of this MD descriptor supplies valuable infor-
mation on the intermolecular interactions’ specificity. In
addition, we also determine the chemical structures for the
most recurrent pairs of interactions implicated in the
H-bond formations at the protein–NP interfaces, which are
predominantly established between protein residues and NP
ligands.

Fig. 7 Probability density of PARP1 or HSP90 corona residues adsorbed onto neutral and cationic NPs under physiological ionic strength (KCl at
0.15 M) and their protein secondary structures over the last 50 ns of MD production phase. For the sake of clarity, DA ligands around the TiO2 NP
core are not shown but only protonation or charge state is indicated by + or 0. (a) PARP1 and cationic NP complex at pH 7.4, (b) PARP1 and neutral
NP complex at pH 11.5, (c) HSP90 and cationic NP complex at pH 7.4, (d) HSP90 and neutral NP complex at pH 11.5. (e, left-hand side) Color code
for the protein secondary structures, (e, right-hand side) color code for the electrostatic potential.
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We observe that the occurrence of H-bonds per residue con-
tributing to the PARP1-NP corona is favored under physiologi-
cal pH, while the number of residues participating in the
PARP1 corona decreases at alkaline pH conditions (Fig. S5a
and b, ESI†). HSP90 exhibits a similar trend as that of PARP1
above, in which the number of H-bonds per residue contribut-
ing to the protein corona is impaired under alkaline pH con-
ditions (Fig. S5c and d, ESI†). Overall, both neutral and cat-
ionic DA ligands act mainly as H-donor while protein amino
acid residues act mainly as H-acceptor.

We also observe that the pH conditions have a stout effect
on the engagement of DA ligands with PARP1 or HSP90
corona residues through H-bonds and hence, drive the mole-
cular selectivity of protein residues engaged in the corona for-
mation. Analysis of PARP1- and HSP90-NP complexes under
physiological pH conditions clearly show the preference of pro-
tonated DA ligands for negatively charged protein residues,
namely glutamate and aspartate residues, to establish
H-bonds interactions (Fig. S5, ESI†). In the PARP1-NP complex
under physiological pH conditions (Fig. S5a, ESI†), we identify
the following as the most contributing PARP1 residues to the
protein corona through H-bonds, in this order of precedence:
ASP726, GLU715, GLU840, GLU842 and ASP805. While, for the
HSP90-NP complex (Fig. S5c, ESI†), the most contributing resi-
dues to the protein corona are GLU158, GLU16, ASP9, GLU13

and GLU14.
Under alkaline pH conditions, PARP1- and HSP90-NP com-

plexes show distinct profiles of H-bond interactions at the
protein–NP corona. On the one hand, we identify neutral DA
ligands mainly forming H-bonds with the carboxyl group of
glutamate residues at the HSP90-NP interface (Fig. S5d, ESI†),
resembling those seen with the protonated DA ligands. They
are, in order of precedence: GLU158, GLU178, THR176, GLU159,
and GLU234. On the other hand, we identify a wider variety of
PARP1 residues participating in the protein corona through
H-bond interactions with the neutral DA ligands (Fig. S5b,
ESI†) than the protonated DA ligands do. The most relevant
PARP1 residues to the protein corona formation under alkaline
pH conditions are, in order of precedence: LYS662, SER663,
MET661, LYS664, and SER786.

To shed light on the molecular structure details of H-bond
pairs of interaction at the protein–NP corona, we show the
most representative H-bond pairs of interaction over the last
50 ns of MD production.

The scenario remains similar upon the addition of ionic
strength in solution. Both PARP1- and HSP90-NP complexes
under physiological pH and ionic strength conditions mainly
establish H-bonds between their glutamate and aspartate resi-
dues and the protonated amino group of DA ligands. The most
recurrent PARP1 residues doing H-bonds are GLU809, ASP805,
GLU842, ASP807, and GLU795 (Fig. S6a†), while the HSP90 ones
are GLU158, GLU14, ASP156, GLU15, and GLU16 (Fig. S6c†).
Under alkaline pH and ionic strength conditions, H-bond
interactions follow a similar trend as observed in the absence
of salt in solution. There is a substantial decrease of PARP1
residues participating in H-bond interactions with the neutral

DA ligands, whereas HSP90 interactions through H-bonds with
the neutral DA ligands are less affected by pH changes. In the
former case, we identify LYS747, SER725, LYS748, and ASP726 as
the most relevant PARP1 residues contributing to the H-bonds
at the protein–NP corona (Fig. S6b†). In the latter case, we find
GLU163, GLN10, GLU146, and ASP86 as the most contributing
HSP90 residues to the protein corona (Fig. S6d†).

As seen in Schemes 2 and 3, we can identify at least two
main H-bond modes in the protein–NP corona, which are
driven according to the molecular nature of the amino acid
residue and the protonation state of DA ligands grafted on the
NP surface. The primary H-bond mode, and the most recurrent
one, is primarily established through H-bonds between the
negatively charged carboxyl groups of aspartate and glutamate
residues as H-acceptor, and the amine group of DA ligands,
protonated or not, as H-donor. This interaction mode is domi-
nant in all studied protein–NP complexes. Schemes 2 and 3
also illustrate the secondary and less recurrent H-bond mode,
where the backbone carbonyl groups of less polar amino acid
residues establish H-bonds with the neutral DA-NH2 group of
DA ligands.

In this section, we characterized and quantified each of the
protein residues participating through H-bonds in the
protein–NP corona during the last 50 ns of the MD production
phase, providing further insights into the molecular nature of
these interactions and highlighting the crucial role of the DA
ligands in this respect. Undoubtedly, H-bond interactions are
not the only contributor to the protein–NP corona formation.
Then, for the sake of completeness, we also investigate the role
of both van der Waals (vdW) and electrostatic contributions in
the next section.

4.5 Electrostatic and vdW contributions to the protein–NP
corona

To quantify, from an energetic perspective, the role of non-
bonded interactions in the protein–NP corona formation, we
evaluate, separately, the electrostatic and vdW interactions that
constitute the total interaction energy in the protein–NP
complex. Fig. 8 shows the electrostatic and vdW interactions
between the DA-functionalized NP and the protein (in
different protonation or charge states) over the last 50 ns of
MD production. Mean values and standard deviations for the
data reported in Fig. 8 are given in the ESI, Tables S2 and S3.†

As seen in Fig. 8, we perceive a higher stabilization by
electrostatic interactions due to the protonation of DA ligands
(and the respective protein titratable residues) under physio-
logical pH conditions, whereas it becomes less evident when
the DA ligands are at the neutral protonation state under alka-
line pH conditions. In addition, we find out that deprotona-
tion of DA ligands leads to more favorable vdW interactions,
making short-range interactions more stable between the
neutral NP and proteins under alkaline pH conditions. In con-
trast, the protonation of DA ligands under physiological pH
conditions leads to unfavorable vdW interactions between
PARP1 and the cationic NP compared to the neutral one.
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Besides, to elucidate how the net charge of NPs affects the
nonbonded interactions with HSP90, we carry out a similar
energetic analysis for the electrostatic and vdW components.
We see favorable electrostatic interactions independent of the
NP charge, although a more extensive electrostatic stabilization
is perceived in the HSP90 corona formed on the positively
charged NP surface under physiological pH conditions.
However, we notice that vdW interaction energies behave
differently in the HSP90-NP complexes. While the vdW contri-

bution is considerably favorable between HSP90 and the
neutral NP, the vdW interaction energies become more positive
and, therefore, less favorable when DA ligands are at the proto-
nated state on the NP surface.

At last, we investigate the effects on the intermolecular
interactions due to the presence of KCl at 0.15 M in solu-
tion. At physiological ionic strength, we observe an attenu-
ation in the electrostatic interactions between protein and
NP in all protein–NP complexes but the complex between

Scheme 2 2D molecular structures of most recurrent H-bond pairs of interaction in the PARP1 corona with cationic and neutral NPs under physio-
logical and alkaline pH conditions, respectively.

Scheme 3 2D molecular structures of most recurrent H-bond pairs of interaction in the HSP90 corona with cationic and neutral NPs under physio-
logical and alkaline pH conditions, respectively.
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PARP1 and the cationic NP. However, the vdW interactions
have a distinct effect whether physiological or alkaline pH
conditions are considered. Upon adding KCl in solution,
both PARP1- and HSP90-NP complexes show a substantial
decrease in the vdW energy values and hence, more favor-
able vdW interactions under physiological pH conditions
than those in the absence of salt. In contrast, we identify
less favorable vdW interactions between PARP1 and HSP90
and the neutral NP at physiological ionic strength and alka-
line pH conditions.

5. Conclusions

In this work we have investigated the role of surface
functionalization, NP charge, and different solution conditions
(pH and ionic strength) on the PARP1 and HSP90 corona for-
mation through a combined implicit-explicit solvent MD simu-
lation framework. In a broader context, our MD results suggest
that less acidic intracellular pH conditions in the presence of
cytosolic ionic strength (KCl at 0.15 M) enhance the PARP1
contribution to the corona. The same ionic strength con-
ditions are found to partly weaken the HSP90 contribution,
which is consistent with the experimental observation reported

in ref. 17 where PARP was found to be the most stable and
HSP90 the least within the protein corona.

5.1 NP charge and pH effects

Charge modulation of titratable residues in proteins and NP
ligands (DA) due to pH changes directly impacts the degree
and selectivity of protein residue adsorption onto NPs, and
therefore, the extent and composition of the protein corona.
Recently, atomistic MD studies have made use of several MD
descriptors (e.g. contact probability,29,31,36,38,39,46,91 inter-
molecular distances,29,36,39,91 H-bond formation,29 protein sec-
ondary structure changes,29,38,39,46 and contact surface
area36,91) to unveil the relevant intermolecular interactions
taking place at the protein–NP interface, quantify the surface
area extent of protein corona, examine secondary structure
changes upon protein corona formation, and identify the most
contributing amino-acid residues to the protein corona. In the
same vein, we estimate these MD descriptors to identify the
molecular identity and quantify the degree of PARP1 and
HSP90 corona residues adsorbed onto neutral and cationic
NPs. Our MD predictions show that PARP1 corona has a larger
surface area adsorbed on the neutral NP surface, showing a
degree of protein coverage higher than that on the cationic NP.
While, for the HSP90 protein, we find no substantial changes

Fig. 8 Electrostatic and vdW energies in the protein–NP complex during the last 50 ns of MD production. Insets show the electrostatic and vdW
energy values in the protein–NP complexes averaged over the last 50 ns of MD production. The following color codes are used: (light green) PARP1
and neutral NP complex, (dark green) PARP1 and cationic NP complex, (maroon) HSP90 and neutral NP, and (violet) HSP90 and cationic NP
complex.
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in the extent of protein corona formed onto NPs, whether
under physiological or alkaline pH conditions. In both PARP1-
and HSP90-NP complexes, our findings support that negatively
charged glutamate and aspartate residues, mainly through
H-bond interactions, contribute most to the protein corona
composition under physiological pH conditions. A similar
trend is observed under alkaline pH conditions, although we
notice an increasing contribution to the protein corona from
H-bonds between the backbone carbonyl groups of PARP1 and
HSP90 corona residues and neutral DA ligands.

5.2 Role of nonbonded interactions

Electrostatics has been pointed out by several authors as a key
parameter to promote a selective protein corona formation.
Based on our MD results, we can infer that electrostatic inter-
actions are the main driving force behind the protein binding
to NPs. As PARP1 (pI ∼8.6) and HSP90 (pI ∼4.8) are positively
and negatively charged under physiological pH conditions,
respectively, more favorable electrostatic interactions between
the latter protein and cationic NPs are expected, in line with
our MD predictions in Fig. 8. On the contrary, we notice that
short-range vdW interactions between the cationic NP and pro-
teins become less favorable under physiological pH con-
ditions, whereas the neutral NP promotes more stable vdW
interactions under alkaline pH conditions. Interestingly, our
results show that vdW forces are likely linked to the surface
area extent of PARP1 corona onto NPs. PARP1-NP complexes
showing higher stabilization of vdW forces also present the
largest extent of the protein corona, which is mainly furthered
under alkaline pH and physiological ionic strength conditions.

5.3 Secondary structure changes upon protein binding to
NPs

Understanding how NPs might affect the secondary structure
of proteins directly impacts new materials design and their
potential nanotoxicity. Our MD results reveal that, upon
PARP1 and HSP90 corona formation onto cationic NPs, on the
one hand, decreases the β-turn secondary structure content
and, on the other hand, increases the random-coil structure
content compared to the same proteins in the absence of NPs.
However, the secondary structure moieties involved in the
protein corona vary from one protein to another. We noticed
that β-turn, α-helix, and random-coil motifs contribute most to
the stability of the PARP1 corona, whereas the HSP90 corona is
mainly composed of random-coil and β-turn motifs upon
interaction with NPs.

5.4 Salt effect

The effects of physiologically relevant ionic salts in solution,
or its absence,92 on the protein corona formation onto NPs is
undoubtedly an essential step towards a better understanding
of protein–NP interactions in biological fluids. Our MD find-
ings show opposite effects on adsorption of PARP1 and HSP90
corona onto NPs in the presence of physiological ionic
strength in solution. On the one hand, we observed that
PARP1 adsorption onto NPs becomes more significant at phys-

iological ionic strength conditions. On the other hand, we
notice that the degree of HSP90 adsorption onto NPs decreases
in the physiological KCl buffer. Further, physiological KCl con-
centration in solution makes more favorable vdW interactions
in the protein–NP complex under physiological pH conditions,
whereas the vdW contribution to the protein–NP complex
becomes less relevant under alkaline pH conditions.
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