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Promising Perspectives on the Use of Fullerenes as Efficient

Containers for Beryllium Atoms

Igor Bodrenko, Alessandra Satta,* Claudia Caddeo, Giacomo Cozzolino,
Stefan Milenkovic, Matteo Ceccarelli, and Alessandro Mattoni*

The possibility of using fullerenes as containers for toxic beryllium atoms

is studied by a multi-scale approach in which first-principles and classical
molecular dynamics simulations are combined. By studying the energetics,
electronic and spectroscopic properties of Be-fullerene systems and by
simulating their interaction at finite temperature in vacuo and in representative
biological environments it is concluded that: i) Be endohedral complexes can
be obtained by implanting Be atoms at energies >2.3 eV that is consistent with
laser implantation technologies; ii) it is in principle possible to distinguish
stable endohedral complexes from metastable exohedral ones by optical
absorption, suggesting that optical spectroscopy can be a valuable a non-
destructive technique to assist the synthesis and the control of implanted films
iii) the Be-endohedral complexes are long-lived and thermodynamically stable
and can confine beryllium both in vacuo and in aqueous solution; iv) Be@C60
complexes are likely unable to penetrate the selectivity filters of a prototypical
protein showing that fullerene prevents undesired interactions with
biomolecules and toxicity effects of Be?* related to replacement of the Ca?*.
Overall, these results provide an assessment on the possibility to encapsulate
Be atoms into fullerenes by ion implantation to synthesize inert and

highly stable and safe molecular containers for toxic beryllium radionuclides.

1. Introduction

Carbon fullerenes can encapsulate a wide
variety of atoms, ions, clusters, or small
molecules, resulting in stable compounds
with novel structures and electronic prop-
erties, which are referred to as endohedral
fullerenes.l'l The first endohedral C60 com-
plex, called La@C60, featured a lanthanum
atom and it was synthesized in 1985.2!
Early works on endohedral fullerenes fo-
cused on encapsulating metals inside the
carbon cages through laser vaporization of
graphite/metal structures or via arc dis-
charge methods.! Incorporation of no-
ble gasses in C60 and C70 was also con-
sidered and achieved by means of high
pressure.l*] Few years later it was reported
the implantation of 7Be into C60.°! En-
dohedral fullerenes have been proposed
for applications which range from quan-
tum computing!®’! to magnetic resonance
imaging contrast agents, ¥ to use in se-

Great opportunities are expected for the realization and application
of Be-C60 complexes to nanotechnology and nanomedicine with particularly
appealing perspectives in the field of neutron capture therapy of cancer.
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lective irradiation of tumors through neu-
tron capture.l”!% Beryllium-doped endohe-
dral fullerenes "Be@C60 have been sug-
gested for application in neutron capture
therapy (NCT)['! as substitutes of boron
isotope 1°B.[12131415] Boron NCT technol-
ogy is limited due to the difficulty to identify
B-containing compounds that can be accumulated in the tumor
cells, and to the fact that BNCT requires high enough neutron
flux (10 to 10'? cm~2 s7!) not well suited for systematic mas-
sive clinical studies.['*18] The neutron absorption cross section
for 7Be is more than 10 times higher than for 1°B.[1*20] This would
allow it to deposit a smaller number of Be nuclides per cell, at
the same neutron flux and exposition time, or to reduce the in-
tensity of neutron flux while keeping the nuclide concentration
in the tumor the same as for 1°B. The drawback of using Be is
its toxicity. At physiological conditions the Be atoms get oxidized
into Be?* easily interacting with many tissues and cells, where it
specifically targets cell nuclei, inhibiting many enzymes, includ-
ing those used for synthesizing DNA.[2! The possibility to use Be
atoms requires strategies to prevent its chemical interaction with
the tissues and cells.

Here we study the Be encapsulation into C60 as an efficient
strategy to hinder its unwilled interaction with biomolecules. We
focus on the case of neutral Be atoms as a first study. We explore
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the possibility to realize ”Be @ C60 endohedral fullerenes and pro-
vide estimates on insertion energy and on the stability of such
complexes. On the one hand, it is important to characterize the
energy necessary to form the complexes in order to determine
efficient synthesis strategies; on the other hand, it is necessary
to estimate the lifetime of such complexes to avoid unwanted Be
outcome from fullerenes whether they contain defects or not. Itis
also important to exclude the formation of metastable complexes
in which beryllium is bound to fullerenes but not confined.

The formation of 7Be@C60 complexes via a nuclear recoil re-
action has been reported in literature.’] Ab initio molecular dy-
namics was used to model the insertion of a ’Be?* ion with 5 eV
kinetic energy. Other studies investigated the structural and elec-
tronic ground state of Be in C60?>?}] or other bigger fullerene-
like cages with slightly different results on the minimum energy
position.[2425:26] n the perspective of Be confinement there is a
lack of knowledge, especially on the exact energy barriers neces-
sary to insert/extract Be into the fullerenes, the lifetime of such
complexes, and their optical properties.

In this work, we provide a robust theoretical assessment of
the possibility of using fullerenes as containers for beryllium.
To this aim we adopt a multi-scale approach in which we com-
bine first-principles and classical molecular dynamics simula-
tions at finite-temperature. We perform a comprehensive char-
acterization in terms of energetics, electronic and spectroscopic
properties by means of state-of-the-art Density Functional The-
ory (DFT) simulations, and we develop a classical force field that
reproduces the Be-C interactions and energy barriers for inser-
tion which allows us to simulate the Be implantation process at
room temperature and to estimate the lifetime of the Be@C60
complexes. We show that Be endohedral fullerenes can be ob-
tained by implanting Be atoms at energies >2.3 eV, and the so-
formed complexes are long-lived and thermodynamically stable,
with lifetimes exceeding average human life expectancy. Further-
more, our calculations show that it is possible to distinguish en-
dohedral, exohedral and unbound Be-C60 pairs by optical absorp-
tion, suggesting non-destructive optical spectroscopy as a valu-
able tool for the control of implanted films. Overall, our results
on Be-C60 represent a first step toward a more general study of
Be-fullerene interaction but already provide an assessment on
the possibility to efficiently encapsulate Be atoms into fullerenes
to synthesize highly stable molecular containers for beryllium
radionuclides.

2. Structure and Energetics of C60/Be Endohedral
and Exohedral Complexes

As a first step, we identify and characterize the lowest energy
configurations of Be inside and outside C60. To this aim we per-
formed a comprehensive characterization of Be/C60 stationary
configurations at various levels of ab initio theory by manually
seeding initial configurations of Be followed by geometry op-
timization, see Supporting Information (SI). The harmonic vi-
brational frequencies in the local minima were calculated to dif-
ferentiate local minima and saddle points. We used Gaussian16
software package to perform these calculations.[?”] The Restricted
Hartree Fock (RHF) method was considered, as well as four ex-
change and correlation functionals including standard LDA and
PBE!?!] and PBE-D3BJ?l and the hybrid functional B3LYP.[*l
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PBE-D3B]J accounts for the empirical Van der Waals interaction
correction, which is important for comparing the relative ener-
gies of the configurations. The 6-31G* Gaussian basis set3!] was
used and the PBE-D3B]J functional was eventually chosen as the
reference method for studying energetics, representing a good
compromise between cost and accuracy. Among the stationary
configurations studied with Be inside and outside the fullerene
molecule, we selected those with the lowest energy: two distinct
stationary geometries of Be-endofullerene, one with Be in the
center (denoted as “Be@C60 in-1” in Figure 1a) and the second
off center (denoted as “Be@CG60 in-2").

The Be@C60 in-1 structure has the lowest energy of —0.67 eV
with respect to the separated Be and C60 (PBE-D3BJ). The large
Be-C60 distance (3.56 A) and the unaffected electronic charge,
Agp,, on the Be atom (see Table 1) suggest that there is no or-
bital mixing between Be and C60 in this configuration. This
is consistent with previous findings,!?32] where the Be occupy-
ing the center of the fullerene turns out to be the most stable
configuration. In the second lowest-energy endohedral structure
(Be@C60 in-2, Figure 1b), the Be atom is slightly off-center, at
~1.7 A from to the nearest carbon. The energy of this configu-
ration is 0.31 eV higher than that of Be@C60 in-1. The equiva-
lent geometry, found by Morisato et al.3?! via linear combination
of the atomic orbital LCAO method, reflects the same trend in
terms of stability of configurations but results in a significantly
smaller energy difference (0.01 eV) between Be@C60 in-2 and
Be@C60 in-1. Such a discrepancy is likely to be attributed to the
different basis sets involved in the adopted methods. Moreover,
in structure Be@C60 in-2 there is a relevant Mulliken charge
(+0.39) on Be that suggests orbital mixing between Be and C60.
Finally, among the exohedral ones we have identified one sta-
ble configuration, the structure Be@C60 out-1, which is the
most strongly bound exohedral complex with a binding energy of
—0.22 eV.

Another configuration (Be@C60 out-2), that is energetically
unfavorable by ~0.2 eV with respect to dissociation into separated
Be — C60 moieties is reported in the Supporting Information.

The Be@C60 out-1 consists of Be atoms placed on top of a C-C
dimer between one hexagon and one pentagon with the forma-
tion of two Be-C links. The binding involves electronic coupling
of Be and C orbitals (see below) but due to the electronic stability
of C60 the energy gain is relatively low (ca 0.3 eV) with a siz-
able contribution from dispersive interactions. Such a relatively
low binding energy is however sufficient to keep the exohedral
complex stable at room temperature (energy barrier >0.3 eV, see
below). From the applicative point of view in the context of NCT,
such configuration is undesired as it can be dissociated by releas-
ing toxic Be into the human body. It is necessary to post-process
C60/Be films to discard these complexes.

Such configurations can be, in principle, discriminated by
different spectroscopic techniques. In particular, electron spec-
troscopy technique (i.e.,: XPS, EELS) can discriminate configura-
tions by the first ionization energies. In this regard, the calculated
HOMO energy values (see Table 1) that give the estimate of the
first ionization energies, suggest that the difference, being in the
order of magnitude of 1-2 eV, could be experimentally resolved.
Also, the optical absorption spectrum potentially can be used to
distinguish among different configurations, as we will show in
the following.
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Be@C60 in-1

Be@C60 out-1

Be@C60 in-2

Figure 1. 3D view of the structures of the stationary points of endohedral Be@C60 a,b) and exohedral c) Be@C60 complexes.

3. Optical Properties

Optical spectroscopyis a non-destructive technique which can
be used to differentiate between possible structures,!*}] provided
that a reference is available. Theoretical calculation of the op-
tical absorption spectra allows a direct comparison with exper-
iments. The optical properties of the complex system C60/Be
with Be atom in different positions with respect to the C60
molecule, the isolated C60 molecule and Be atom, respectively,
have been investigated from first principles via time-dependent
density functional theory (TDDFT) as implemented in quantum-
ESPRESSO (QE) suite of open-source computer codes.3*3] The
computational setup includes a cubic box of 21.2 A containing
the Be@C60 structures illustrated in Figure 1, including the iso-
lated Be and C60 calculated separately. Convergence tests with
increasing size of the box were made in order to avoid any inter-
action between images due to the periodic boundary conditions.
The Kohn-Sham equations were solved by using a plane-waves
basis set within the framework of a standard DFT-PBE compu-
tation with the use of norm-conserving pseudopotentials. A ki-
netic energy cutoff for the electron wavefunctions as large as 80
Ry was enough to ensure the total energy convergence. The Bril-
louin zone sampling was performed with a Monkhorst-Pack sam-
pling with a mesh of 1 x 1 x 1 (I" point). Spin polarization of
the electronic orbitals was included in the calculations. To obtain

Table 1. Characteristics of stationary geometries of Be@C60 in the endo-
hedral (structures labeled as “in-1" and “in-2" in Figure 1) and exohedral
(“out-1"in Figure 1) forms. AE is the electronic energy with respect to the
isolated Be and C60; Agg, is the Mulliken charge on the Be atom due to
the interaction with C60 (negative values of Aqg, are increments of the
electronic density); d is the distance between the Be atom and the nearest
C atom; HOMO (highest occupied molecular orbital) energies obtained
via RHF.

Be@C60 in-1 Be@C60 in-2 Be@C60 out-1
AE (eV) -0.67 -0.36 -0.22
Agg, (€7) -0.05 0.39 0.11
d A 3.56 1.73 1.61
HOMO (eV) ~7.66 -5.77 -6.57
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the optical spectrum for each mentioned structure, the Liouville-
Lanczos approach was used since it has the advantage of giv-
ing direct access to the observable spectrum avoiding the explicit
computation of the ground state unoccupied states. The absorp-
tion spectra are calculated as [(®) x ®Im(a(®)), where o (®) is the
spherical average of the dipole polarizability. For the optical ab-
sorbance spectrum in the linear response regime, 20 000 Lanczos
steps were used to obtain converged spectra. Results are shown in
Figure 2, where the computed absorption coefficient for the iso-
lated Be atom (top panel, a) and the isolated C60 molecule (panel
b) are reported with respect to the wavelength of the incident pho-
ton, along with those obtained from the complexes Be @ C60 with
endohedral Be (in-1 and in-2, Figure 2¢,d), and exohedral Be (out-
1, Figure 2e), respectively,

The capital letters in Figure 2 (G, F, E, C), refer to the main fea-
tures in the optical absorption spectra of C60 (see referencel3))
whose major absorbance computed bands are reported in Table 2
along with those obtained for all the Be@C60 complexes. The
vertical cyan and red lines indicate the positions of the isolated
C60 and Be absorbance peaks throughout the spectra in Figure 2
and will be taken as references. Isolated Be (Figure 2a) shows a
main absorption peak centered at 253 nm that can be ascribed
to the allowed transition 2s2—2s2p in good agreement with the
experimental estimate of 235 nm (see Table 8 in references!>’38l).
The present results for the isolated C60 compare excellently to
those obtained with a similar method! and show a reasonable
agreement with the experimental peaks*®! in the range of 200~
350 nm confirming that the fullerene molecule absorbs mostly in
the UV-Vis range of the electromagnetic spectrum. This makes
us confident about the reliability of the model. The presence of
the Be in the center of the molecule (Be@C60 in-1, Figure 2c)
shows no remarkable changes in the spectrum of isolated C60
except for a slight red-shift of the E peak and for the presence
of a further peak in the region between F and E, ascribable to
the Be itself. The Be@C60 in-2 configuration (Figure 2d) follows
the overall profile of Be@C60 in-1 with a broadening of all the
peaks in the region between F and C. The Be in exohedral posi-
tion with respect to the fullerene (Be@C60 out-1, Figure 2e) re-
sults in a different absorption profile from the endohedral ones,
due to the splitting of the peaks between F and E and in the re-
gion between E and C together with a broadening in the region
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Figure 2. Absorption spectra for isolated Be (top panel, a), isolated C60 b), endohedral Be in-1 c) and in-2 d), and exohedral Be out-1 €), respectively.
Vertical lines are a guide for the eye that discriminate among the main absorption peaks of both isolated C60 (cyan lines) and isolated Be (red line).
Capital letters refer to the peaks in isolated fullerene (see text for explanation).

around C. The density of states (DOS) are helpful to discriminate
the electronic transitions!*! in order to interpret the spectra. The
DOS and the projected DOS (PDOS) were computed for all the
above-mentioned configurations and the results are summarized
in Figure 3.

The endohedral Be@C60 in-1 shows, as expected, a profile
where both C60 and Be hold essentially their pristine profile ex-
cept for a slight Be-s—C-p hybridization in the HOMO region.
Also, the HOMO and LUMO orbitals are shifted with respect to
isolated C60. A more detailed analysis of the Lowdin charges and
the PDOS reveals that a fraction (0.5e) of charge appears to be
homogeneously distributed around the Be site in agreement with
previous findings!??! that suggest a slightly repulsive interaction
between Be and the fullerene cage. Conversely, in the Be@C60
in-2 — where the Be atom is chemically bound to C — acceptor
states with a s-Be—p-C nature appear in the C60 gap region. A
charge transfer from s-Be to p-C is observed along with the split-
ting of s-Be and p-C around the HOMO. Also, the p-Be results

partially occupied around the Fermi energy. When Be is in the
exohedral configuration (Be@C60 out-1), the HOMO-LUMO re-
gion has essentially a s-Be—p-C character with an involvement
of p-Be orbitals, unlike the Be@C60 in-2 configuration.

Overall, the calculated absorption spectra indicate that, at least
in principle, it is possible to detect the presence of undesired en-
dohedral configurations from spectroscopic measurements.

4. Energy Barriers for Be Insertion

The analysis reported above confirms the occurrence of stable
Be-C60 complexes, but it does not provide information on the en-
ergy barrier which must be overcome to form the complexes and
on their expected lifetime. The kinetics of insertion/extraction is
controlled by the corresponding energy barriers and their theo-
retical determination is the central parameter to tune the experi-
mental ion implantation methodology. If the insertion energy is
very high, then the implantation rate can be inefficient or induce

Table 2. Absorbance bands in nm. Present computed results for isolated C60, isolated Be, and Be@C60 complexes. In brackets, the average position of
broadened peaks. Experimental measurements (exp.) and results obtained with similar methods (others) are reported for comparison.

C E F G

isolated Be 253

isolated C60 362 287 234 211
Be@C60 in-1 365 295 267 234 209
Be@C60 in-2 <352> 282 256 204 225
Be@C60 out-1 <370> 286 <263> 235 209
Isolated Be exp. (2s2—2s2p)? 235

isolated C60 others®) 365 288 235 212
isolated C60 exp.9) 328 257 227 21

37,38].
;

%) References! b Referencel3]; ) Referencel?6).
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Figure 3. Top row: total and projected density of states (DOS/PDOS) for isolated C60 (2s in black and 2p in gray) and isolated Be (2s in red and 2p
in blue). Other rows: DOS and PDOS of three different Be@C60 complexes as indicated; color code is the same as in the top row. Energies in eV are
referred to the Fermi level EF which is set to the highest occupied molecular state (HOMO).

damages to the fullerenes that may no longer be good containers
for beryllium.

In order to calculate the optimal energy for Be inser-
tion/extraction we have considered two kinds of paths in the con-
figurational space: i) radial paths connecting the center of the
fullerene to an external point at a distance 0.32 nm from the sur-
face; ii) minimum energy paths between internal and external
local minima obtained by the nudged elastic band method (NEB)
"1 as implemented in QE.3**] For both types of paths, two cases
were considered: i) passing through the center of a pentagonal
ring; ii) passing through the center of a hexagonal ring. For the
radial paths, the DFT energy is calculated at fixed atomic posi-
tions (unrelaxed). At variance, minimum energy paths obtained
by the NEB method accounted for fully relaxed configurations:
all atoms in the system were allowed to relax until the residual
interatomic force became less than 10~ eV A~'. The NEB paths
for the case of Be passing through the center of a hexagonal ring
are reported in Figure 4 and described in the following, while the
full set of curves is reported in Figure S1 (Supporting Informa-
tion). We anticipate here that a model potential has been derived
from ab initio data (details are provided in Supporting Informa-
tion), and the energy barrier for implantation as calculated from
model potential molecular dynamics (MD) simulations is also re-
ported in Figure 4.

The NEB method allowed the estimate of the activation energy
barrier for the transition from the initial state (exohedral configu-
ration) to the final one (endohedral configuration) along the min-
imum energy path of the potential energy surface. The ab initio
paths indicate that: i) local minima are present in the center and
in proximity of the C60 both in endo- and exohedral configura-
tions. ii) the activation barriers at the transition state correspond
to the hexagonal and the pentagonal crossing rings, respectively,

Adv. Funct. Mater. 2023, 2303786 2303786 (5 of 12)

and suggest the hexagonal ring of C60 as the favorite path for
the Be atom to enter the molecule. iii) the order of magnitude
of the energy barrier is 2.3 eV. This is an important result for
the calibration of the experimental set up and the implantation
energy.

The results obtained so far show that once that the Be is de-
posited inside the fullerene, it remains trapped therein because of
the high energy barrier (2.7 eV) which is two orders of magnitude
higher than the thermal energy at temperatures of biological in-
terest. Nevertheless, during the implantation process there is the
possibility for Be to form a stable exohedral complex (structure
denoted as out-1 in Figure 1), due to an energy gain of 0.22 eV
(see Table 1) upon binding with C60, which can be detrimental
for practical applications. Washing the samples with proper sol-
vents could be useful to remove outer Be, but it is important to
discern if most complexes are endohedral as desired.

5. Finite Temperature Molecular Dynamics of Be
Capture and Escape from C60 in Vacuo

A model potential has been derived from ab initio data simi-
larly to previous studies.*?) The GAFFI**l model is used to de-
scribe C60 intramolecular forces, while the mixed C-Be inter-
actions are modeled through a pairwise Buckingham potential,
which consists in the sum of two terms, i.e., an exponential re-
pulsive term characterized by the length scale plus a power law
attractive term with dependence typical of dispersive interactions
Ux) = A- € — x% The fitting procedure and parameters are
reported in Supporting Information. We have calculated the bar-
riers for Be implantation through 6- and 5-membered rings of
C60. In Figure 4 we compare the classical model (dashed-dotted
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Figure 4. Top: minimum energy paths for hexagonal Be trajectory from ab initio NEB (black filled triangles; continuous line is a cubic spline interpolation)
and from force-fields (dashed-dotted line). The C60 surface is at d~3.5 A. Bottom left: Be path from MD simulations; bottom right: energy map of Be-C60
interaction at different positions of the Be atom, at a distance d~0.8 A from the C60 surface. The inset of top panel shows the location of the minimum

energy point in the center of a hexagon.

lines) with the ab initio NEB data (continuous lines) showing a
good agreement for transition paths.

The developed classical force field was then used to study the
Be implantation process into C60 molecules. As a first step, we
calculated the Be-C60 interaction as a function of the position of
the Be atoms on the fullerene surface. This was obtained by plac-
ing the Be atom on a regular spherical mesh at the distance of
minimum energy (i.e., 0.79 A) from the fullerene. The result is
reported in Figure 4b, showing that energy minima are located
at the center of hexagons and pentagons, as expected. To mimic
the beam implantation process, Be atoms were placed at random
positions within a circular region of variable radius r; (ranging
from 0.01 to 3.50 A, i.e., the fullerene radius), with the center of
the beam facing one of the C60 hexagons (being this the preferred
location for entrance), and then accelerated at different kinetic

Adv. Funct. Mater. 2023, 2303786 2303786 (6 of 12)

energies (ranging from 0.1 to 5.5 eV) toward the C60 molecule.
A schematic of the simulation process is shown in Figure 5a. We
define deflection as a trajectory during which Be does not enter
inside the fullerene. The capture occurs when Be enters the C60
molecule and stays confined inside until the end of the run. Fi-
nally, exit is defined as a run in which, after entering C60, the
Be atom is able to exit before the end of the run. Simulations
were performed at zero and at room temperature; in the latter
case we also distinguished the case of frozen rotations from the
most general case in which the fullerene has freedom to rotate.
Overall, more than 1.5 - 10° trajectories were calculated. The cap-
ture probability as a function of the beam radius ry was computed
at T = 0 K (results are reported in the Supporting Information).
As the beam radius increases, the capture rate decreases since
the probability for the Be atom to hit the C60 at the center of a
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Figure 5. Top: schematic representation of the Be-deposition simulations a,b) (show side and top view, respectively) with three possible outcomes
(deflection, capture and exit). Be atoms are represented in colors changing from red to blue according to the stage of the simulation (from the first to
the last timesteps, respectively). The beam is shown as a red cylinder. Bottom: Be capture probability at different deposition energies E, and different
simulated conditions: T = 0 K (blue filled squares), T = 300 K with frozen rotations of C60 (orange filled triangles), T = 300 K with free rotations of C60

(red filled circles).

hexagon is lower. The case when the beam radius is ry, i.e., equal
to the fullerene size, corresponds qualitatively to the experimen-
tal case of a constant flux of incident Be atoms on a homogenous
film of fullerenes. More realistic simulations are possible (consid-
ering a C60 film, the penetration depth, the Be-Be interactions,
etc.) but beyond the scope of the present analysis.

Our MD results are reported in Figure 4c, showing that the
temperature and rotations do not have a significant impact on
the capture probability; as expected, the onset of Be capture cor-
responds to the calculated barrier of 2.3 eV. Our analysis indi-
cates a relatively high capture probability ranging from 2 to 4%
for energies between 4 and 6 eV and increasing at higher ener-
gies. However, implanting Be at much higher energies has the
drawback of possibly damaging the fullerenes. In fact, C-C bind-
ing energy in C60 has been estimated by kinetic energy release
distributions experiments to be ~5 eV.[*]

Adv. Funct. Mater. 2023, 2303786 2303786 (7 of 12)

Once the Be ion is captured (forming the C60-Be endohedral
complex) it is important to estimate the probability of escaping
(i-e., the escape time is an estimate of lifetime of the Be-C60
complex). To this aim we performed a set of high temperature
MD simulations and fitted the exit probability v (i.e., the relative
number of trajectories going out of the fullerene) by an Arrhe-

E
nius law v =, e_’cn_a}, where kj is the Boltzmann constant, T is
the absolute temperature, v, is the prefactor and Ej, is the activa-
tion energy. The quantities v, and Ej act as adjustable parame-
ters of the fit. Be atom was placed inside the C60 at random posi-
tions and the complex was simulated at increasing temperature.
For each temperature, 60 different starting configurations were
considered. We explored a range of high temperatures which al-
low to observe exit events within the typical MD simulation time
(nanoseconds). Figure 6 shows a Be trajectory escaping from the
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Figure 6. Snapshots of simulations of Be inside C60 a) and inside C59 b), and possible exit paths. c) Arrhenius plot of exit probability v (number of exit
events with respect to the total number of runs) versus inverse of temperature T (logarithmic scale is used for y axis). For both perfect and defected
Be-fullerene complexes we performed a series of runs on a mesh of 40 temperatures x 60 initial Be positions, for an overall simulation time of 50 ns.

C60 (a). From this analysis we obtained an activation energy for
escape of E; = 2.7 eV that agrees with the calculated NEB energy
(notice that the in-2 configuration is ~0.3 eV lower with respect
to out-1 resulting in an escape barrier that is higher than the en-
trance one). By the fitted Arrhenius law, we extrapolate the life-
time of the Be@C60 at average human body temperature to be
many orders of magnitude greater than human life expectancy,
indicating that C60 is an ideal Be container for biomedical appli-
cations.

These results can be severely affected in case of defected
fullerenes,**¢] We repeated the MD calculations by creating a
carbon vacancy in the fullerene (i.e., C59). An example of escap-

Adv. Funct. Mater. 2023, 2303786 2303786 (8 of 12)

ing trajectory is reported in Figure 6b. The energy barrier for ex-
iting from the defected fullerene (C59) (see Figure 6c¢) is dramat-
ically smaller, E; = 0.73 eV and the estimated lifetime at room
temperature goes down to only 30 s. These results highlight the
importance of selecting high quality fullerene films to use as con-
tainers for Be atoms.

6. Be@C60 Complexes in Representative
Biological Environments

The calculated high stability of endohedral ’Be @C60 complex in
vacuo makes it a good candidate for neutron capture therapy. By
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Figure 7. Top panels: snapshots of the exit trajectory of Be** from the fullerene (left) into water (right) obtained from a fictitious dynamics in which
Be?" is forced to exit by the application of suitable repulsive forces with C60; Bottom panel: the corresponding energy profile of Be?* as a function of
the reaction coordinate shows the existence of a large energy barrier preventing the energetically favorable ion solvation; filled circles correspond to the

energies of the top configurations.

suitable chemical functionalization of the fullerenes, it can be in
principle possible to dissolve the Be@C60 in the human body
and to target the cancer cells. Under neutron flux the Be atoms
decay emitting alpha particles and destroying the diseased cells.
However, before any practical application, it is necessary to verify
that such complexes are not toxic for the human body. In partic-
ular the Be@C60 complex must be stable, not only in vacuo, but
also in biological fluids (e.g., in the blood) without releasing the
toxic beryllium atoms and without giving rise to undesired inter-
actions with human tissues. A conclusive response on the health
safety can only be obtained from in vivo experiments, but pre-
liminary results can be already extracted from the present atom-
istic calculations. To this aim, we extend the force-field for Be-C
in a similar fashion of previous studies*’! to perform molecu-
lar dynamics simulations of Be?* @ C60 in water (see Supporting
Material). We focus on charged 2+ beryllium that is the most rel-
evant and dangerous and that, due to the large energy gain result-
ing from electrostatic interaction with water, is expected to have
a strong driving force to escape from the fullerene.

Adv. Funct. Mater. 2023, 2303786 2303786 (9 of 12)

Our findings show that also in water (H,0) the Be atoms
(no matter the charge state) are efficiently confined. This is con-
firmed by both molecular dynamics at high temperatures and
by the calculation of the energy barrier for Be?* to exit from
C60. The result is reported in bottom panel of Figure 7 and is
obtained by calculating the potential energy (circles) on a tra-
jectory in which fictitious forces were applied to push Be out
of the C60. Snapshots of the Be’*@C60:H,0 system during
exit dynamics are reported in top panels of Figure 7. We find
that also in water, the lowest energy path crosses the carbon
hexagons.

The energy profile confirms a large energy barrier (>2 eV)
to escape from C60 and, correspondingly, a long lifetime of the
Be?* @C60 complex in water comparable to that of Be@C60 in
vacuo (many orders of magnitude longer than human life). The
only qualitative difference of Be** @ C60:H,O with respect to the
neutral case in vacuo (compare Figures 7 and 4) is that the en-
ergy in water steeply decreases out of the fullerene because of
the efficient Be?* solvation.
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Figure 8. Optimal 20 poses from blind docking of Be?* (left), C60 (middle), and C60-Be?* (right). The selectivity filter of Slo1 is marked with a black

box (SF).

In conclusion, the Be atoms remain safely confined inside the
fullerene even in aqueous environments.

The calculated beryllium-oxygen distance during the dynam-
ics is greater than 4 A suggesting that C60 cage isolates the Be
and prevents the formation of undesired bonds with the atoms
of the surrounding chemical environment. In order to further
investigate the possible effects on biological matter we study the
interaction of the endohedral complex Be** @C60 with a repre-
sentative protein. A very convenient and computationally inex-
pensive way of checking some fundamental molecule-protein in-
teractions comes in the form of molecular docking. In molecular
docking, the optimal target structure (in this case the protein) is
scanned for locations of minimal docking score for a particular
ligand. For this occasion, we have selected a Ca?*-dependent K+
channel, Slo1 (PDB ID: 5TJ6).[*¥ Slo1 is chosen because it is con-
trolled by calcium ions, and one of the toxicity aspects of Be?* is
the replacement of the Ca?* in various physiological processes.[*]
Furthermore, docking sites on the Slo1l were well examined in
the literature,®" so we could use it as a docking target with great
confidence.

First, we have docked only Be** with the most prominent posi-
tions shown on the left of Figure 8. We see that the Be?* can pen-
etrate the selectivity filter of the Slol. Some of the poses show
docking laterally on the protein’s extracellular surface. On the
other hand, C60 (middle panel) stays outside of the cell as its size
doesn’t allow passage through the selectivity filter. All the poses
are found in the same location on the top of the selectivity filter,
probably due to the high symmetry. Finally, on the right, we see
that the Be?* @C60 complex behaves in a practically identical way
as the empty C60, thus showing that the fullerene can efficiently
screen the Be?* thus preventing possible toxic effects.

7. Conclusions

Present study shows that stable Be@C60 endohedral complexes
can be obtained by implanting Be atoms at energies >2.3 eV. This
could be practically realized for example with current laser-based
implantation technologies. Furthermore, by calculating optical
absorption by TDDFT, we show that it is possible to distinguish
endohedral complexes from exohedral ones by non-destructive
optical spectroscopy. Overall, we conclude that it is possible to

Adv. Funct. Mater. 2023, 2303736 2303786 (10 of 12)

encapsulate Be atoms into fullerenes, which prove to be effi-
cient molecular containers with practically zero probability of re-
lease of the toxic beryllium radionuclides at typical conditions of
biological systems. The confining efficiency decreases dramati-
cally for defected fullerenes that accordingly must be carefully
avoided (either during synthesis or by post-processing) together
with metastable complexes in which Be can be easily released.
Preliminary simulations of Be@C60 complexes in aqueous so-
lutions and plasma membranes confirm that the C60 efficiently
confines Be (either neutral or charged) also in biological environ-
ments and it likely prevents Be toxicity.

In conclusion, we provided a solid theoretical assessment of
the possibility of using fullerenes as containers for Be atoms for
applications to neutron capture therapies.

Supporting Information. Additional properties of stationary
geometries, derivation and parameters of the model potential for
Be-fullerene interaction and Be capture probability for different
beam radii rj, at zero temperature can be found in the Supporting
Information PDF file.
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