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ABSTRACT: Metal oxides (MOs) are key materials in many fields, including
technological, industrial, and biomedical applications. In most of these implementa-
tions, surface reactivity and reducibility properties are critical considerations. In their
nanosized form, MOs exhibit enhanced reactivity that is connected to toxicity. Besides
the fact that the biological molecule and the surface of the corresponding material
interact chemically, little is known about the toxicological mechanisms involved on the
atomic scale. The goal of this study is to investigate the role of TiO2 surfaces in
interaction with one genetic base, namely guanine. Using a combination of the quasi-
electronic density functional-tight binding molecular dynamics simulations and density
functional theory calculations, we explored the adsorption modes of guanine with a
stoichiometric and oxygen-deficient anatase TiO2 (101) surface. With such an
approach, we have characterized new adsorption modes not previously found, and we
have highlighted the relevance of defective surfaces in the adsorption of genetic basis, as
a model for explaining possible toxicology mechanisms induced by the adsorption process.

1. INTRODUCTION
Nanoparticles (NPs) have increased their use and importance
in the past decade due to their unique properties, but those
also give them the potential to be harmful. Recently, it was
pointed out that nanosized metal oxide (MO) materials should
be less used due to their (nano) toxicity effect, especially in the
field of food additives.1−3 Since it is difficult to foresee the
impact it can create, advanced modeling tools may be used for
multiscale physics-principled, data-based toxicity assessment
via various approaches.4,5 Therefore, obtaining specific toxicity-
pertinent data is important to enlighten the safe use of NPs at a
much lower cost than in laboratory and in vivo experiments.

The direct chemical interaction between genetic material
and MO surfaces may be a key factor in genotoxic effects.
Genotoxicity refers to the harmful changes in DNA that can
have significant implications for human health and the
environment.6−16 Given the important role of genetic material
in cellular function, extensive research has been conducted on
the interactions of common materials used in present
technology, for instance, TiO2, which is found in various
crystalline forms and exhibits interesting surface properties in
today’s applications.17−20 Nevertheless, those properties in
TiO2 NPs can harm DNA and cause mutations if not repaired
due to their reactive nature.21,22 Moreover, beyond the direct
interaction of TiO2 with genetic bases, titania (a common
name for titanium dioxide) may generate reactive oxygen
species (ROS), enhanced upon UV light exposure, that are
unstable chemicals leading to DNA damage.23−25 Thus,
understanding mechanisms and insights is critical for safer
nanomaterials for responsible applications.

Among the different chemical mechanisms for toxicity, the
direct nucleotide interactions on the MO surfaces (TiO2, ZnO,
CeO2, FeOx, ZrO2, SiO2...), which may modify the chemistry
of the nucleotide in the DNA, were explored both
experimentally and theoretically by means of the density
functional theory (DFT) and density functional-tight binding
(DFTB) frames.26−30 In particular, a DFTB study shows that
the cytidine monophosphate nucleotide on the rutile (110)
surface favors anchoring with two oxygen atoms by its
phosphate side.31 Another DFT study identifies strong
adsorption in guanine-based nucleotides.32 Nevertheless, a
deeper knowledge of the adsorption of single or multiple
genetic bases to MO surfaces is required, in particular
regarding the role of surface defects, such as oxygen vacancies,
which are common in TiO2.

33

In this work, we aim to explore the effects of TiO2 on
genetic basis geometry and electronic structure after
adsorption, both for perfect and O-deficient TiO2 surfa-
ces.26,32,34 Understanding the role of surface defects, such as
oxygen vacancies, is important regarding their significance on
adsorption characteristics and potential genotoxicity. This may
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point to reliable genotoxicity chemical descriptors that can be
applied to other nucleotides.26,32,34

In the strategy of the present work, we first focused on
characterizing the guanine adsorption on a fully oxidized
anatase surface from previously reported adsorption modes.32

Second, we characterized those adsorption modes on O-
deficient anatase by means of DFT. Finally, we made a
combination of MD-DFTB and DFT to dynamically explore
guanine adsorption on both fully oxidized and O-deficient
anatases, whose lowest energy structures were then optimized
at the DFT level to find novel adsorption modes.

2. COMPUTATIONAL METHODS
2.1. DFTB Molecular Dynamics (MD). MD simulations

were performed in the self-consistent DFTB (SCC-DFTB)
framework on the DFTB+ code. DFTB is based on the Taylor
expansion and truncation of the electronic structure from DFT
calculations, as it is mentioned in detail in.35−37 These
calculations were used to obtain the first description of the
adsorption process of guanine on the surface.

The Slater-Koster files are the TIORG ensemble for Ti with
O interactions and MIO ensemble for H, C, and N atom
interactions. More details on www.dftb.org. Dispersion forces
are not considered in the TIORG ensemble.

The convergence criterion through SCC cycles was 10−5 eV.
Calculations were performed using a spin-polarized electronic
optimization procedure. The Nose Hoover thermostat was set
in the MD at 300 K, and the Velocity Verlet algorithm for the
driver. MD simulations were performed at room temperature
to keep molecular and surface structures stable during the
dynamics of the simulation, although higher temperatures
could accelerate conformational space exploration. Simulation
time was 15.000 steps with 1 fs timesteps. All simulations were
performed in 3D periodic boundary conditions.
2.2. DFT Calculations. DFT calculations were performed

with the VASP code. VASP computes an approximation to the
many-body Schrödinger equation, using either DFT to solve
the Kohn−Sham equations or the Hartree−Fock (HF)
approximation to solve the Roothaan equations. In VASP,
plane-wave basis sets are used to describe the one-electron
orbitals.

In this work, we performed calculations in the spin-polarized
Perdew−Berke Ernzerhof (PBE) functional.38 Valence elec-
trons were described on a plane-wave basis set featuring a
cutoff of 400 eV. Core electrons were represented using
projector-augmented wave (PAW) pseudopotentials.39,40 The
effective Hubbard on-site Coulomb interaction parameter (U′
= U − J = 4 eV) method was used to describe the behavior of
the titanium (Ti) 3d electrons41 optimized for TiO2 anatase
slab.42,43 DFT + U is known to provide consistent and reliable
results for the electronic structure of TiO2 and its interactions
with organic bases.38,41 Calculations were performed on the Γ-
point. Optimization of the geometry was achieved through the
conjugate gradient algorithm. The energy convergence criteria
were 10−3 eV for the ionic optimization and 10−4 eV for the
electronic loop. All atoms were allowed to relax. Previously
studied slab models in available publications inspired the
models that we use in our study for VASP and DFTB+
calculations.32,42,44,45 Dispersion forces were included via the
DFT-D3 method with a Becke-Johnson damping function.
Lastly, Bader spin density analysis was performed on optimized
structures.46−49

2.3. Adsorption Energy. The adsorption energy of
guanine is computed as follows:

=E E E EAds GuaMO MO Guan n2 2 (1)

=E E E EOVacAds GuaMO MO Guan n2 1 2 1 (2)

EAds and EOVacAds correspond to the adsorption energy of the
models with stoichiometric and oxygen-deficient surfaces,
respectively. EGuaMOd2n

and EGuaMOd2n−1
defines Gua@Slab models,

total energies of slabs are defined by EMOd2n
, and EMOd2n−1

for
stoichiometric and oxygen-deficient models, respectively.
Lastly, the energy of a guanine (EGua) was calculated in a
vacuum box of 30 Å.
2.4. Slab Models. Periodic 3D slabs were created from

previous works.42,44,45 By removing two bottom trilayers of
those slabs, we obtained the structure for this study. This was
done to take advantage of the computational cost without
reducing the coverage scope of the study. The slab model of
anatase (101-surface) is displayed in Figure 1A-(101). This

figure also includes oxygen vacancy types.33 The simulation
cell is a (4 × 4) A-(101) surface, which has lattice parameters
of a = 20.63 Å, b = 15.48 Å, and c = 28.04 Å. The whole slab
structure consisted of 288 (96 Ti, 192 O) atoms (1 atom of the
O atom was removed in the O-deficient structures, therefore
accounting for 287 atoms in the slab). Single oxygen vacancy
creation on the slab structure means 0.52% oxygen deficiency.
The oxygen vacancies in this work were O2c-type, as a recent
study showed them to be the most stable ones at the DFT
level.33

To prevent consecutive slabs’ interaction in simulations,
18.6 Å of vacuum space was included among consecutive
periodic slabs’ images in the supercell. This vacuum took into
account the genetic base (Gua) in the model to avoid
interaction with the mirroring surface since its maximum width
is ∼7.5 Å.

Adsorption models of guanine on A-(101) were prepared by
placing guanine over a slab at a 2 Å distance (see Figure 2
insets), with different rotation angles depending on the
adsorption mode. For O-deficient models, the vacancy was
accessible to Gua. The complete adsorption model (for no O-
vacancy case) consisted of 304 atoms (96 Ti, 193 O, 5 C, 5 N,
and 5 H).

3. RESULTS AND DISCUSSION
In this section, we first focused on characterizing the guanine
adsorption on fully oxidized (stoichiometric) anatase surfaces

Figure 1. Side view of the (101) surface organized anatase slab. Ti
and O atoms are shown in bright blue and red color, respectively.
Oxygen sites are labeled by referring to the oxygen vacancy.
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from previously reported adsorption modes.50 As a second
step, we characterized those adsorption modes on O-deficient
anatase by means of DFT. O-deficient anatase surfaces were
previously characterized in our group. The most stable type of
OVac was the O2c type (shown in Figure 1) at the DFT level.
Finally, we made a combination of MD-DFTB and DFT to
reassemble guanine adsorption on both fully oxidized and O-
deficient.
3.1. Guanine Adsorption on Stoichiometric TiO2. The

initial step in this work was the study of the adsorption modes
of guanine on the bare A-TiO2 (101) surface. A previous work
by Soria et Di Valentin32 found three main stable adsorption
modes for guanine on the same TiO2 surface, shown in Figure
2 (inset a−c). Those calculations were performed with the
package CRYSTAL14,51 making use of periodic boundary
conditions with atomic orbitals and B3LYP-D* hybrid DFT
functional (Table 1). Note that the most stable adsorption

structure (inset) is the only minimum with a direct interaction
of the O atom of the guanine and the Ti atom on the surface
(2.09 Å). This distance, though longer than the Ti−O bond
length in organometallic Ti-based catalysts (around 1.75−1.85
Å52 in B3LYP), indicates the existence of a clear chemical
adsorption interaction.

Our calculations performed at GGA + U-D converged into
the same structures obtained by Soria et Di Valentin’s (Figure
2, inset a−c). Table 1 shows the adsorption energy levels. Even
though the energy adsorption may be affected by the level of
the functional used in the DFT calculation, the same values in
energy levels as previously reported (a > b > c) was found,
within the limits of the DFT accuracy. This correspondence in
Eads was also observed in distances of the adsorption modes.
Distance changes from reference paper to our computed values
(shown in Figure 2) are as follows: (i) for adsorption mode a,
the H(Gua)-O(TiO2) contact changes from 1.81 to 1.73 Å, the

N(Gua)-Ti(TiO2) contact goes from 2.53 to 2.49 Å, the
H(Gua)-O(TiO2) 1.90 to 1.84 Å; (ii) for adsorption mode b
N(Gua)-Ti(TiO2) distance reduces from 2.49 to 2.41 Å, and
the H(Gua)-O(TiO2) contact from 1.87 to 1.75 Å; and (iii)
for adsorption mode c the O(Gua)-Ti(TiO2) contact keeps the
same value of 2.09 Å, and the N(Gua)-Ti(TiO2) contact from
2.47 to 2.34 Å. Thus, it was clearly stated that the interaction
modes in the literature were reproduced with good accuracy in
terms of energy and adsorption geometry.
3.2. Guanine Adsorption on Oxygen-Deficient TiO2.

TiO2 is well-known for its ability to reduce its oxygen
content,53−55 which makes it a candidate with outstanding
properties for photochemical applications; however, this
feature creates new reactive sites on the surface, which must
be explored to properly describe the physicochemical proper-
ties of the material. Therefore, we combined the oxygen-
deficient site with the adsorption modes of guanine in Figure 2
(insets a−c). Initial structures were constructed from the
optimized adsorption mode in Section 3.1, removing the
closest oxygen atom (O2c-type OVac) under guanine. After that,
the structures were optimized by means of energy
minimization at the DFT level (Figure 2, insets a′−c′). Our
analysis of the modified structures (insets a′−c′ in Figure 3)
revealed the impact of oxygen vacancies on the distances
between the adsorbate and TiO2 surface. After removing the
O2c-type from the surface, the trend in energy levels changed
from reported (a > b > c) to a′ > c′ > b′, making b′ the most
stable adsorption site (Table 1). Interestingly, this change is
related to the local interaction of the O atom in guanine with
respect to the surface of the O2c vacancy. Distance changes
from reproduced modes (a−c) into our computed values in
a′−c′ (shown in Figure 2) are as follows: (i) for adsorption
mode a′, the H(Gua)-O(TiO2) contact changes from 1.73 to
1.74 Å, the N(Gua)-Ti(TiO2) contact goes from 2.49 to 2.30
Å, and the H(Gua)-O(TiO2) loses contact; (ii) for adsorption
mode b′ N(Gua)-Ti(TiO2) distance goes from 2.41 to 2.48 Å,
and the H(Gua)-O(TiO2) contact changes to another O atom
with from 1.92 Å distance instead 1.75 Å, indicating that
O(Gua)-Ti(TiO2) contact goes from 2.73 to 2.12 Å; (iii) for
adsorption mode c′, the O(Gua)-Ti(TiO2) contact remains
stable at the value of 2.09 Å, and the N(Gua)-Ti(TiO2)
contact from 2.34 to 2.40 Å. An additional close approach
between the H atom on the benzene ring of Gua and the ring
of O(TiO2) occurs at 1.78 Å. Thus, the impact of oxygen
vacancies clearly appears in the analysis. Vacancy centers drive

Figure 2. Adsorption modes of guanine on TiO2 (101) together with the adsorption energy in eV (Gua@Slab). The top row is stoichiometric TiO2
(101). The bottom row is the adsorption on an O2c-type of O-deficient TiO2 (101). Oxygen vacancy centers are marked with a yellow dashed
circle. Distances in Å. Red for O, blue for Ti, brown for C, and gray for N.

Table 1. Guanine Adsorption Energies (in eV) on
Stoichiometric TiO2 Surface at B3LYP-D*32 and at GGA +
U-D, as well as O-Deficient TiO2 Surface at GGA + U-D

adsorption mode B3LYP-D*
GGA + U-D

stoichiometric O-deficient

a −1.45 −1.46 −1.52
b −1.67 −1.66 −2.48
c −2.42 −2.47 −2.33
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adsorption mode geometries and possible surface contacts.
Vacancy models can reveal stronger adsorption modes, as in
such change examples in the models a to a′ and b to b′.

In order to analyze the electronic structure of the different
adsorption modes of guanine, with and without O vacancies in
the TiO2 slab, we plotted the density of states (DOS) of all
adsorbed modes (Figure 3). Figure 3 has an analogous layout
with insets to Figure 2 in terms of adsorption modes (first row
for TiO2 and second row for the O2c vacancy TiO2; each
column for an adsorption site). Only the region of valence
electron bands and the lowest unoccupied bands are presented.

All DOS plots are aligned with respect to the first
noninteracting occupied band of the corresponding Gua@
Slab plot. For each adsorption mode, three subinsets are
presented: (i) the top row is the TiO2 slab (orange); (ii) the
middle layer is guanine (yellow); and (iii) the bottom layer is
the adsorbed Gua@TiO2 (blue). Since slab and guanine are
common in the adsorption modes, the top and middle rows are
equal in all cases and shown for directly comparing changes
with the adsorption of guanine.

The bare slab presents a band gap of 2.42 eV; the slab with
an O2c-type vacancy shows two localized peaks at −1.55 to
0.79 eV in this region (marked with red arrows). A detailed
study of this effect is found in a previous work by Çetin et al.33

A detailed study of the DOS of guanine adsorbed on TiO2 is
presented in the Supporting Information (see Figure S1).
However, we stress that guanine states fall in the region of the
band gap of the slab. This makes that a series of peaks (marked
in red) pop up in that region for the adsorbed structures
(Figure 3). Those peaks correspond to the interaction of the p-
structure of guanine and heteroatom lone pair electrons with
the slab. In the case of the O-deficient slab, those interactions
also fall in the same region as electrons of the O-vacancy,
indicating the possible exchange between guanine and slabs.

3.3. MD for Guanine Adsorption. In order to explore the
adsorption of guanine on anatase TiO2 (101) (fully oxidized
and with O vacancies) and find new adsorption modes, we
made use of MD simulations at room temperature at the
DFTB level to find alternative geometries as starting points for
DFT optimization. With such a methodology, we may also
explore chemical effects present on the surface beyond the
adsorption process. Initial structures for MD simulations were
those minima from Sections 3.1 and 3.2. Moreover, additional
MD simulations with the guanine carbonyl O atom vertically
positioned on the O2c-type of the slab were made for both fully
oxidized and with O-vacancy anatase surface (details of the
structure in Supporting Information, Figure S2). We then
plotted total energies through the trajectory for 5000 steps.
Equilibration was confirmed by ensuring the system’s total
energy value variations which were within 0.3%. If an MD
simulation was not equilibrated, then it was allowed to run up
to 15,000 steps. Those single points with the lowest energies in
regions of the MD trajectory were then optimized by means of
DFT (Supporting Information, Figures S3−S7, Tables S1 and
S2).

MD simulations conducted with initial structures of
adsorption modes a, b, and c (fully oxidized TiO2 surface)
showed that, despite mode c exhibiting the lowest Eads, through
the MD run, in comparison to mode a, the model occasionally
showcases conformations with relatively higher energies in
localized regions, indicating the dynamics of those adsorption
modes. Still, conformations within mode c and mode a showed
similar energy levels despite the extended trajectory of mode c
by an additional 5000 steps. However, none of the adsorption
models selected in the MD and optimized afterward showed
lower adsorption energy than the reference c adsorption mode.
Therefore, as far as we explored the potential surface energy of
guanine on TiO2, no other adsorption minima were obtained.
Beyond the study of adsorption modes of Gua@TiO2, it was

Figure 3. Total density of states (DOS) of each adsorption mode (a, b, c, a′, b′, and c′). Insets follow the same labeling as in Figure 2. For
comparison, each inset shows the corresponding slab (orange), guanine (yellow), and Gua@TiO2 mode (blue). Red arrows indicate electron peaks
in the band gap. DOS is aligned at the top of the valence band (in orange and blue) for the sake of comparison.
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noteworthy that throughout the MD mode c trajectory,
guanine could transfer hydrogen atoms upon interaction with
the TiO2 surface, resulting in configurations where the
structural integrity of guanine was compromised in low energy
conformations. Though this guanine dehydrogenation catalyti-
cally mediated by the surface was not explored in detail, it may
indicate a mechanism for the chemical genotoxicity of TiO2
causing chemical alteration of the genetic basis and the
production of ROS, potentially disrupting the genome
stability.25,56 Correspondingly, DNA damage is linked to
genotoxicity, which can induce mutations and potential
carcinogenicity.56,57 On the other hand, modes a and b do
not exhibit such phenomena.

The next step in this study was performing MD simulations
with a TiO2 slab with the O vacancies. In a previous work, it
was observed that DFTB favors the Osub2 vacancy type with
respect to the O2c type (0.5 eV less stable); in the O2c type, the
missing O is directly found on the slab surface, whereas in the
Osub2 , it locates in the first sublayer.33 This effect is
corroborated in our MD simulations, where the O2c type
spontaneously turned into the Osub2 vacancy for models only
with the O-deficient slab, as well as when the guanine molecule
was included in the MD simulation but oriented too far away
to interact directly with the O2c vacancy center. We tested the
effect of the transformation between O2c and Osub2 on total
energy stabilization in the model that we use (Supporting
Information, Figure S8). Nevertheless, as shown in Section 3.2,
the maximum interaction of guanine with the O vacancy was in
those cases of an O2c type of vacancy. Therefore, MD

simulations of guanine adsorbed on TiO2 were restricted to
initial structures with an O2c vacancy type (though we
performed some MD simulations of guanine on the OSub2
deficient slab modes, none of the structures gave lower
adsorption energies at the DFT level than those in previous
sections). As described in the methodology, some of the lowest
energy snapshots in the trajectory were chosen, and those
structure was optimized at DFT level. With such a method-
ology, two new minima were not found in Section 3.2 arose
(Figure 4). The new stable adsorption modes have a direct
interaction of the guanine carbonyl O atom filling the O2c
vacancy of TiO2, depicting a strong chemical interaction with
the slab. In fact, those two new modes resulted in the lowest
Eads structures of the whole study: mode d′ with Eads of −2.95
eV and mode e′ with Eads of −2.57 eV. These energies are 0.47
and 0.09 eV lower with respect to b′ adsorption mode.

Oxygen atoms in the carbonyl group of guanine have two
direct bonds to Ti atoms in the slab, with respect to the single
interaction in modes a, b, and c. In mode d′, Ti−O, distances
are 2.17 and 2.19 Å, whereas for mode e′, distances are 2.15
and 2.24 Å. Also, because of this interaction, the C−O bond in
Gua@TiO2 elongates in these modes. In fact, for guanine in
the gas phase, the C−O bond is 1.23 Å, which increases to 1.26
Å for mode c and 1.27 Å for b′, and it rises up to 1.29 and 1.30
Å for mode d′ and mode e′, respectively (see details in
Supporting Information, Figure S9). The main difference in
the geometry of adsorption mode d′ and mode e′ is the relative
tilting angle of guanine with respect to the surface (Figure 4).
The distance to the surface of the “tail” part of guanine formed

Figure 4. Top rows for adsorption modes d′ and e′ of guanine on O-deficient TiO2. Eads in eV is in the top left corner of each mode. Distances in Å
in black. Bader charges in green for selected atoms. In the bottom row, total density of states (DOS) for each new adsorption mode. Titania slabs
are colored orange, guanine yellow, and Gua@TiO2 in blue. Red arrows indicate electrons in the band gap. DOS plots are aligned to the valence
band of Gua@TiO2.
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by the hydrogen atoms of the amino group of guanine is 2.02 Å
in mode e′ and 2.25 Å in mode d′. The difference of 0.38 eV in
Eads between the two adsorption modes can be associated with
the restrictions created by the “tail” in the conformation of the
guanine molecule.

The DOS analysis of modes d′ and e′ shows a relative
difference in the peaks at −1.2 and −1.8 eV, respectively.
Moreover, the Bader charges were computed and analyzed for
all adsorption modes (see details in the Supporting
Information, Figures S10−S20). The distribution of charges
presents minor variations in the key interaction atoms upon
adsorption. However, the O atom of the carbonyl group in
guanine shows a significant decrease in electron density with
respect to different adsorption modes (Table 2). It underscores

significant shifts in electron density following the same trend as
the strength of the adsorption mode, with modes d′ and e′
being the ones with the most significant change transfer from
the guanine carbonyl atom to Ti atoms in the surface.
Structures of modes d′ and e′ can be found in Supporting
Information, Figures S13 and S14. Calculated charges and spin
can also be found in the Supporting Information.

4. CONCLUSIONS
In this study, we explored the chemical interaction of guanine
on TiO2 in order to determine how adsorption processes on
the surface may be a source of genotoxicity descriptors from a
modeling point of view. Furthermore, we used a synergistic
combination of different levels of calculation (DFT and MD-
DFTB) schemes and robustness of first principle calculation in
order to speed up the search for adsorption modes of genetic
bases on MO surfaces. With such a strategy, we have also
analyzed the electronic structure of the systems and the
potential stabilization impact on the adsorption modes in more
realistic O-deficient TiO2 anatase (101) models.

We studied the adsorption of guanine on stoichiometric and
oxygen-deficient anatase TiO2 (101) surfaces to highlight the
role of the defects. We found that guanine strongly adsorbs to
the stoichiometric TiO2 surface primarily through the
electrostatic interaction of the π-electrons parallel to the
surface. The presence of oxygen vacancies shifts guanine-TiO2
interaction, leading to enhanced bonding, particularly with
guanine’s carbonyl oxygen atom occupying the position of the
missing oxygen in the TiO2 lattice. In particular, we observed

that there is a charge transfer from the guanine to the slab
proportional to the adsorption energy of the adsorption mode.

Our finding of new adsorption modes related to oxygen
vacancies on the surface underscores the significance of surface
defects, indicating the possibility of new chemistry and
genotoxic potential of nanomaterials. Furthermore, MD
simulations revealed dynamic aspects of guanine-TiO2
interactions, suggesting surface-induced chemical transforma-
tions such as guanine dehydrogenation catalytically mediated
by the surface, which may contribute to genotoxic effects. Our
findings emphasize the critical role of considering surface
defects and dynamics in assessing nanomaterial genotoxicity.
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Table 2. Bader Charges on the Oxygen of the Carbonyl
Group in Guanine (O-Gua) and the Overall Charge Carried
by the Guanine Molecule (Gua) for Adsorption Modes on
TiO2

a

adsorption mode O-(Gua) Gua

mode a −1.91 0.07
mode b −1.90 0.06
mode c −1.87 0.15
mode a′ −1.92 0.06
mode b′ −1.89 0.06
mode c′ −1.88 0.09
mode d′ −1.86 0.05
mode e′ −1.85 0.02
gas phase −1.95 0.00

aAll stoichiometric modes and guanine converge at a singlet spin
state, whereas all defective modes converge at a triplet spin state,
remaining with two unpaired electrons.
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I. Use of Food Additive Titanium Dioxide (E171) before the
Introduction of Regulatory Restrictions Due to Concern for
Genotoxicity. Foods 2021, 10, 1910.
(3) Commission Regulation (EU) 2022/63 of 14 January 2022

amending Annexes II and III to Regulation (EC) No 1333/2008 of
the European Parliament and of the Council as regards the food
additive titanium dioxide (E 171) C/2022/77. n.d.
(4) Mancardi, G.; Mikolajczyk, A.; Annapoorani, V. K.; Bahl, A.;

Blekos, K.; Burk, J.; et al. A computational view on nanomaterial
intrinsic and extrinsic features for nanosafety and sustainability. Mater.
Today 2023, 67, 344.
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