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Optical properties of nanostructured antiviral and
anticancer drugsfy

Alessandra Angela Pisu,}? Francesco Siddi,1? Giancarlo Cappellini & *2°
and Roberto Cardia®*@

We present a computational study on the optical absorption properties of some systems of interest in the
field of drug delivery. In particular we considered as drug molecules favipiravir (T705, an antiviral molecule)
and 5-fluorouracil (5FU, an anticancer molecule) and, on the other hand, pure fullerenes (Cs4, B1oNip,
GapNgp) and doped fullerenes (Cy3B, CBi3Njp) are considered as nanocarriers. Some combined
configurations between the drug molecules and the carrier nanostructures have been then studied. The
optical absorption properties of the above mentioned drug molecules and their carrier nanostructures in
the free and bound states are obtained by a TD-DFT method, in gas phase and in agueous solution. We
perform a detailed analysis of the modifications arising in the absorption spectra that take place in some
linked configurations between the drug molecules and the carrier nanostructures. These changes could
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1. Introduction

In recent years, the nanostructures based on carbon, boron
nitride, gallium nitride and derivatives have been subject of
great interest in the scientific community. These systems can be
promising candidates to face several issues and emerging
challenges in technological fields, ranging from the biological
to medical and electronics ones."® In this work we focus our
attention on small fullerenes based on C, BN e GaN, here
considered as potential carriers of the drugs T705 and 5FU.

Favipiravir (T705 for short, CsH,FN3;0,) is a molecule of
strong pharmacological interest, developed in Japan in 1999,
that is used in different kinds of biological areas for its antiviral
proprieties. Favipiravir acts as broad-spectrum inhibitor against
many different RNA viruses. Its action is based on the inhibition
of the RNA polymerase and as a consequence it blocks the
replication of the virus.®™ Its first significant application was in
the cure of Ebola outbreak," and today its effects are studied as
possible cure against SARS-CoV-2 virus."

5-Fluorouracil (shortly 5FU and chemical formula
C,H;FN,0,) is a fluorinate analogue of pyrimidine.® It has
uracil-like structure, with a peripheral fluorine atom in place of
a hydrogen atom. This biomolecule is often used in chemo-
therapeutic drugs to attack certain types of cancer (e.g, skin,
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be of importance as an optical fingerprint of the realized drug/carrier link.

breast, stomach, colon cancers).****® Its mechanism of action is

based on entering and interfering in the synthesis process of
nucleic acids (DNA, RNA) of the tumoral cells. Therefore, the
replication of tumoral cells is inhibited.

The carbon based fullerenes (C,,) can be formed by 2n C
atoms linked together with covalent bonds.* The most famous
and representative carbon fullerene is Cg, discovered in 1985
by Kroto*® (Nobel Prize in Chemistry, 1996).2° After the discovery
of Ceo, researchers have shown increasing interest in finding
new fullerenes. During the years, several studies on the stability
of fullerenes with 2n < 60 and 2n > 60 have been done. Many of
these systems have been also synthesized* > within several
techniques like arc-melting, laser ablation and electron beam
irradiation technique.**** In recent years, small fullerenes
(such as the C,, considered in this work) have gained the
attention of the researchers. The fullerene C,, has been studied
in several works to prove its stability and to understand its
properties.”**® In 2002, C,, has been synthesized within the
electron beam irradiation technique.*"** Boron nitride fuller-
enes can be formed by the same number of B and N atoms
(B,N,,), linked together with polar B-N bonds. Boron nitride
fullerenes are isoelectronic with respect the carbon fullerenes
formed of the same number of atoms. Their interesting chem-
ical, physical, optical, electronics properties are different from
the ones of their C counterparts. Boron nitride fullerenes are
widely studied in several theoretical works****** and most of
them have been also synthesized.*"***” The most stable system
of the B,N,, family is B;,N;,,**** which has been synthesized in
1998 within the electron beam irradiation.?**”

Gallium nitride nanocages (Ga,N,, with 10 = x = 20) have
been analyzed theoretically in ref. 7, to demonstrate their
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stability and physical properties. In this work we consider the
GaN fullerene of 24 atoms, Ga;,Nj,.

The unique chemical and physical properties of C and BN
fullerenes are manifold: good adsorption capacity and interac-
tion with bio/pharmaceutical molecules, high chemical
stability, easiness of functionalization, biocompatibility, low
toxicity and low poisonous quality."****%® These properties
make the C/BN fullerenes interesting for potential applications
in biomedical fields as sensors (drug detectors) and transporter
of drugs (drug carriers).">** Moreover, the good adsorption
propriety allows the fullerenes to capture small molecules and
to interact with them with high energy bond. Therefore, several
researchers investigated the possibility to use them as gas
sensors for the detection of harmful and polluting
substances.>***#“!  Furthermore, GaN nanostructures are
promising candidate for new nanotechnology applications.”
Gallium nitride systems are used in some optoelectronic
devices and applications. For example, they can be used in light-
emitting devices.”®

An emerging challenge in the biomedical field is the research
of systems based on nanostructures for the drug delivery. This is
a promising modality to face and to overcome some problems
related to the traditional way of drug administration.** This
innovative way of delivery consists in using nanostructures,
such as functionalized fullerenes, as support system for bio/
pharmaceutical molecules: the loaded drug will be trans-
ported by the carrier toward a specific target and will be released
in the desired zone. As a consequence, the side effects are
reduced and the quality of the therapy improves. The release
mechanism can happen in several ways, for example through
the action of enzymes or for particular pH conditions."***»* In
antiviral and antitumoral therapy there are needs of research
and development in the drug delivery field. In particular, the
efficiency of some clinical antiviral drugs is limited because of
several factors: drug resistance, poor bioavailability, weak
solubility and permeability, release off target, harmful side
effects.”**** Concerning the antitumoral therapy, the chemo-
therapy performed with traditional mechanism can be very
harmful for the patient. The limitations are related to: drug
toxicity and low solubility, degradation of drug before reaching
the target, tumoral cell drug resistance, lack of selectivity
between healthy and sick cells and release off target.***® In
antiviral and antitumoral therapy a suitable drug delivery based
on nanostructures (fullerenes, nanotubes, graphene-like struc-
tures), can improve the selectivity, facilitate the penetration of
polar drugs through the cells, increase the drug release at the
target.”**™** Moreover, they permit lower dosage and, therefore,
less side effects®® and less damage to the healthy cells.**

Regarding the drug delivery based on fullerenes, the best
known involves the Cg,, and in scientific literature there are
several works concerning in vitro and in vivo tests."***° In
particular, in these experiments, functionalized Cg, is consid-
ered as a carrier of biomolecules that can be either adsorbed on
the external surface of the carrier*® or loaded inside the Cgg.*°
For smaller fullerenes like C,, and B,,N;,, several DFT and TD-
DFT studies are being conducted to evaluate their potential
applicability in this field.*?*****" Concerning the gallium
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nitride Ga;,N;, nanocage, in recent years its potential action as
carrier for anticancer drugs 5-fluorouracil® and cisplatin®* has
been studied.

The aim of this work is to investigate the optical absorption
properties obtained by TD-DFT calculations, of some proposed
drug delivery systems (carrier + drug). In particular, we built
four combined configurations of C/BN fullerenes (C,4, B15Ni,,
C,3B, CB;1Nj,) covalently bonded to 5FU. We considered as
potential carrier also two substituted systems (C,3B and
CB;1Ny,). This procedure is justified by the existence of some
works in the literature in which it has been demonstrated that
the doping process can enhance the interaction between carrier
and drug."3**

To validate our methods we considered some configurations
from the scientific literature (C/BN clusters-T705 and Ga;,Nq,-
5FU).*° Please consider that it is out of the scope of this work to
enter in the complex mechanism of drug delivery made by
different steps as the drug/carrier bond creation, the drug
transportation and the drug release at the target. Moreover, we
do not consider here the issue related to the formation of drug/
carrier systems starting from the free components. We focus
here on the differences arising in the absorption spectra of the
drug/carrier systems considered in their ground-state (either
here calculated or obtained from literature) in comparison with
the spectra of the free drug and carrier. These differences can be
interpreted as an optical fingerprint of the occurred molecular
bond between the carrier and the drug molecules.

2. Computational details

In this work we performed density functional theory (DFT) and
time dependent-DFT (TD-DFT)***” calculations within the
Gaussian16 computational code,*® an all-electron Gaussian-
based software package. For all calculations we used a local-
ized Gaussian basis-set (6-31+G*)** combined with a hybrid
exchange correlation (XC) functional (Becke-3-parameter-Lee-
Yang-Parr, B3LYP).**®* The chosen basis-set is composed by
a valence double-{ set including d polarization functions
(indicated with the symbol “*”) and diffuse functions (“+”) for
each atom other than H. The selected couple of XC potential
and basis-set has been successfully tested for many different
atomic systems, both organic and inorganic, with different sizes
and degrees of complexity.®*”” Moreover, in several works
(which studied nanostructures similar to ours)***"*%7® the
B3LYP XC functional or the 6-31+G* basis-set have been used.

We performed all the calculations for all systems under study
both in gaseous phase and in aqueous solution. For the gas
phase calculations we used the default self-consistency field
(SCF) method. We investigated the solvent effect of water using
the self-consistency reaction field (SCRF) method based on the
conductor-like polarizable continuum model (CPCM).” In this
calculation scheme, the solvent is treated as a conductor-like
polarizable continuous medium, described by a dielectric
constant other than 1, i.e. 78.3553 for water.>®

In more detail, we have performed geometry optimization of
all the structures, in free and bound state, both in gaseous
phase and aqueous solution. The configurations obtained from

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the literature were already optimized, so we did not perform the
structural optimization in those cases. In particular for the
systems studied in ref. 9 we started from their equilibrium
geometry obtained in vacuum. For the systems (drug + carrier)
considered in ref. 6 we used their equilibrium geometries ob-
tained in water solution. We used the default convergence
criteria as implemented in Gaussian16:*® maximum force
0.000450 Ha bohr ™!, RMS force 0.000300 Ha bohr !, maximum
displacement 0.001800 A e RMS displacement 0.001200 A.

As mentioned in the introduction, in this work we studied
some systems of interest for drug delivery. In particular the
antiviral drug is the favipiravir (T705) and the anticancer drug is
the pyrimidine analogue 5-fluorouracil (5FU), shown in Fig. 1a
and b. The nanostructures here analyzed are the carbon-based
fullerene C,,, the boron nitride one B;,N;,, the substituted
systems C,3B and CB;;N;, and the gallium nitride nanocage
Ga;,Ny, (Fig. 1c-g). We considered three sets of combined
systems (Fig. 2), two sets obtained from the literature®® and one
set original calculated in the present work.

In particular, we analyzed:

o four configurations after ref. 9: the most stable configura-
tions of T705 adsorbed on the surface of the pure and doped
carbon/boron-nitride fullerenes (Fig. 2a-d);

e two configurations after ref. 6: one linked system Ga;,Nj,-
5FU (Fig. 2e) and one covalent bonded system (Fig. 2f);
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e four original configurations: these systems have been ob-
tained by the removal of a hydrogen atom of the 5-fluorouracil
molecule to create a covalent bond with the pure and doped C/
BN clusters (Fig. 2g-j). Take in consideration that the removal of
H atoms in the adsorption of molecules at solid surfaces has
been demonstrated in different cases.***

It is worth mentioning that the systems C,3B-T705, CB;1Nj,-
T705, Cp4-5FU and B;,N;,-5FU (respectively shown in Fig. 2c,
d, g and h), show states with different multiplicity (and free
radical character) due to the presence of unpaired electrons.

Through the DFT we obtained also HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular
orbital) energies, their spatial distribution and their energy gap.

Moreover, the time-dependent counterpart (TD-DFT) of this
method has allowed us to obtain the adsorption spectra of the
systems. All the TD-DFT calculations were performed in the
frequency space within the Casida scheme® implemented in
the Gaussian16 code. In all DFT and TD-DFT calculations we
used the default integration grid and the default convergence
criteria for SCF cycles (10~° Hartree for energy differences).

It is well known (for example after ref. 84) that the use of
(semi)-local XC (even hybrid) functionals in the standard DFT
framework provides a sub-optimal description in the case of
transitions with charge transfer (CT) character which need more
advanced techniques (e.g., generalized KS framework with

Hand e

(a) T705 (b) SFU (0) Coy

¢ ¢ @
H B C

(d) ByyNpy

(e) Cy3B (f) CBy1Nqo (8) GaoNg

® 6 ¢ ¢

N

¢} F Ga

Fig.1 Optimized geometry of the drug molecules (a) T705, (b) 5FU and of the carrier nanostructures (c) C,4. (d) B1oN1», (€) Co3B, (f) CB11N12, (9)
GaoNy,. Below we have reported the colors table (please consider that Boron and Gallium are of similar color).

(a) Cpy-T705 (b) ByoN;5-T705

(¢) CygB-T705

(d) CB11N;»-T705

Pxr

(e) GajoNyp9-5FU (adsorption)

(8) Cpy-5FU

(h) ByyN;9-5FU

o GajyN75-5FU (covalent bond)

£ 8 e

(i) Cy3B-5FU (@) CBy 1Ny -SFU

Fig.2 Optimized geometries of combined systems: (a—d) T705 with pure and doped C/BN carrier after ref. 9 (e and f) 5FU with Ga;oNj, as carrier

after ref. 6, (g—j) 5FU with pure and doped C/BN carrier.
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tuned range-separated hybrid XC functionals). We decided to
maintain this level of theory because we consider this work as
a first approach to the problem and because there is only
a small number of excitations with CT character. In the future,
we will extend the present study with other calculations, e.g.,
with more advanced schemes.

3. Optical properties

In the present study we considered, for the first two groups of
molecules (Fig. 2a-f), six combined clusters which have been
demonstrated stable after the computational studies by other
groups (ref. 9 and 6). The remaining four combined clusters
(Fig. 2g—j) result as stable geometries after the present study. We
stress again that the present research is focused on the optical
absorption properties of the clusters and not on the search of
their particular ground-state configurations. In particular we
are interested in the differences in optical absorption properties
between free and combined clusters, in case these differences
could be considered as optical signature of the realized drug/
carrier link.

To this aim, from Fig. 3 to 5 we have reported the absorption
spectra of the particular combined systems compared to those
of the free molecules (carrier and drug), as obtained after TD-
DFT calculations in gas phase. In each plot we showed also
the spectra of the combined system in aqueous solution to
investigate the solvent effect. In Tables 1 and 2 we analyzed
some details of two important peaks of the spectra of the free
and bound systems: the first peak (optical onset) and the main
peak in the region under study (MP).§ In particular, we have
reported: the excitation energy (E, eV) and wavelength (1, nm) of
the transition; the corresponding oscillator strength (0.S.); the
occupied and virtual molecular orbitals contributing signifi-
cantly to the transition (with the corresponding weight in
brackets); the character of charge-transfer (CT) or locally-excited
(LE) depending on whether or not there is charge transfer upon
the transition (Table 2, gas phase column).

For the implicit solvent calculations is important to high-
light that in the classical linear response scheme of the polar-
izable continuum model (PCM) the TD-DFT transition densities
are easily available in all conventional TD-DFT calculation
schemes and are used to predict the PCM modifications in
charges upon excitation. Hence, within this framework the bulk
solvent effects for excited states present a moderate computa-
tional cost. However, this linear response model is not always
accurate in the cases in which are present strong variations of
the electronic cloud between the two states involved in a tran-
sition; this is the typical case of states with significant charge-
transfer as in some of the systems under study in this work
(See ESIT). For such cases, more elaborated models to deter-
mine the polarization of the cavity in the excited states are used
even if is well known that these models are significantly more
expensive, from the computational point of view, with respect to

§ Please note that for T705 we reported three peaks instead of two because
depending on the spectral region under study the main peak could be at higher
energy.
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(b) Gas-phase absorption spectra of By9N;5-T705 (red line), BjoN; 5 (blue line) and T705 (green line). The
spectrum of By 9N79-T705 in aqueous solution is reported in dotted red line.
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(c) Gas-phase absorption spectra of C3B-T705 (red line), Cy3B (blue line) and T705 (green line). The
spectrum of Co3B-T705 in aqueous solution is reported in dotted red line.
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(d) Gas-phase absorption spectra of CBy1N15-T705 (red line), CBy1Nj5 (blue line) and T705 (green line).
The spectrum of CBy1N7,-T705 in aqueous solution is reported in dotted red line.

Fig. 3 Absorption spectra of the combined systems (a) C24-T705, (b)
B1oN1-T705, (c) Co3B-T705, (d) CBy1N,-T705 after ref. 9, compared
to those of the free molecules (C/BN-carrier and T705). The spectra
reported in solid line are calculated in gas phase while in dotted red
line is shown the one of combined clusters in aqueous solution. The
color bars in the (b—d) figures represent the visible region.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Gas-phase absorption spectra of the adsorption system Gaj 9N19-5FU (red line), Gaj 5Ny, (blue line) and
T705 (green line). In dotted red line is shown the spectrum of Ga} 9N -5FU in aqueous solution.
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(b) Gas-phase absorption spectra of the covalent system Ga;9N7o-5FU (red line), GajoNq o (blue line) and
T705 (green line). In dotted red line is shown the spectrum of Ga; 9N -5FU in aqueous solution.

Fig. 4 Absorption spectra of the combined systems Ga;>N;»-5FU (a)
with adsorption interaction and (b) with covalent bond after ref. 6,
compared to those of the free molecules (Ga;oNy, carrier and 5FU).
The spectra reported in solid line are calculated in gas phase while in
dotted red line is shown the one of combined clusters in aqueous
solution. The color bars in the figures represent the visible region.

the simplest standard PCM scheme. One of the most employed
models is the so called vertical excitation model (VEM) which is
justified in the cases large-size compounds. Actually, the
vibrational effects are important in determining both the
position of the absorption maxima and the shape of the
absorption structures. It has been shown that absorption bands
in the spectra of simple organic compounds are typically
redshifted between 0.1 and 0.2 eV in comparison to the vertical
excitations.*”” Some recent studies investigated the origin of this
red-shift, and found that the main reason can be ascribed to the
frequency change between the ground and excited states in
multidimensional systems, where vibrational frequencies in the
excited states are systematically smaller than those of the
ground states.® In all cases, in order to correctly consider this
issue in our modeling, a numerical Hessian of the excited state
in solution is needed, which is by no means practical for
medium to large size molecules. It should be pointed out,
however, that the vertical approximation is adopted in many
previous studies dealing with relatively large-size molecular
systems.*

Finally, for the excitations reported in Table 2 (gas phase
column) we have also calculated the orbitals involved in the
transitions in order to evaluate the possible charge transfer. The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of Cy4-5FU in aqueous solution is reported in dotted red line.
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(b) Gas-phase absorption spectra of By5N5-5FU (red line), ByoNyo (blue line) and 5FU (green line). The
spectrum of By 5Ny 5-5FU in aqueous solution is reported in dotted red line.
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(¢) Gas-phase absorption spectra of Cg3B-5FU (red line), Co3B (blue line) and SFU (green line). The spectrum
of C93B-5FU in aqueous solution is reported in dotted red line.
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(d) Gas-phase absorption spectra of CB11N19-5FU (red line), CB1 N1 5 (blue line) and SFU (green line). The
spectrum of CB1 1Ny ,-5FU in aqueous solution is reported in dotted red line.

Fig. 5 Absorption spectra of the combined systems (a) C,4-5FU, (b)
B1oN12-5FU, (c) Co3B-5FU, (d) CB11Ny,-5FU after this work, compared
to those of the free molecules (C/BN-carrier and 5FU). The spectra
reported in solid line are calculated in gas phase while in dotted red
line is shown the one of combined clusters in aqueous solution. The
color bars in the (a—c) figures represent the visible region.
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Table 1 Excitation energies (E, eV), wavelength (1, nm) oscillator strength (O.S.), and molecular orbital contributions (with the corresponding
weight in brackets) of selected transitions (onset and main peak), in gas and aqueous solution for free molecules

Gas phase Aqueous solution
Systems E (eV) A (nm) 0.S. MO contributions Systems E (eV) A (nm) 0.S. MO contributions
T705 4.26 291.4 0.127 H-1 — L (0.39) T705 4.22 293.8 0.206 H — L (0.48)
5.83 212.7 0.135 H-1 - L+1(0.33) 5.74 215.8 0.163 H — L+1(0.44)
7.94 156.2 0.248 H-3 > L+3(0.12) 6.63 186.9 0.246 H-5 — L (0.36)
H-2 — L+ 5 (0.10)
5FU 4.93 251.5 0.127 H — L (0.46) 5FU 4.85 255.4 0.182 H — L (0.47)
7.46 166.2 0.143 H-1 — L +4 (0.25) 7.37 168.3 0.345 H-2 — L +1(0.29)
H-2 — LA +1 (0.14)
(&9 3.67 337.5 0.010 H-1 —» L +3(0.24) Coy 3.66 338.8 0.017 H — L+3(0.29)
H — L+4(0.19) H-2 > L+4(0.23)
H-2 — L+ 4 (0.16) H-1 — L+ 4 (0.19)
5.39 230.0 0.418 H-10 — L (0.23) 5.31 233.7 0.531 H-9 — L +2(0.31)
H-9 — L+ 2 (0.15) H-10 — L (0.16)
H9 — L+1(0.14) H-10 — L +1 (0.15)
B1sNp, 6.35 195.3 0.035 H-2 — L+5(0.19) B1uNp, 6.39 194.0 0.052 H-1 - L+5(0.21)
H-1 — L+ 4 (0.16) H-2 — L+4 (0.18)
7.14 173.8 0.119 H6 — L+2 (0.14) 7.16 173.1 0.155 H-7 — L +1(0.14)
H-8 — L+ 2 (0.12)
C,3B 2.16 574.6 0.002 HA-2 — LA + 2 (0.61) Cy3B 2.17 570.8 0.002 HA-2 — LA + 2 (0.63)
5.47 226.5 0.144 HA-10 — LA + 1 (0.19) 5.23 237.3 0.194 HA-10 — LA + 2 (0.20)
HB-11 — LB + 2 (0.17) HA-3 — LA + 3 (0.17)
HB-2 — LB + 7 (0.12) HA-9 — LA (0.12)
CB11N, 3.95 314.1 0.009 HA — LA +2(0.81) CB;1N, 4.01 309.0 0.012 HA — LA +2 (0.81)
7.00 177.1 0.045 HB-1 — LB + 8 (0.21) 7.04 176.0 0.081 HA-1 — LA + 8 (0.21)
HA-1 — LA + 7 (0.18) HB — LB + 8 (0.21)
Ga;,Ny, 2.31 537.7 0.001 H — L (0.50) Ga;,Ny, 2.45 505.3 0.001 H — L(0.5)
4.02 308.6 0.109 H-14 — L (0.43) 4.08 304.0 0.188 H-15 — L (0.45)

orbitals for the onset transitions are reported in the final section
of the ESL.t

3.1 C and BN clusters - T705 with adsorption

The first molecules that we analyze here are the ones first
proposed in ref. 9, shown in Fig. 2a-d. As mentioned above, in
this work we calculated the absorption spectra only of the
molecules within TD-DFT. The calculations of the absorption
spectra for all the molecules have been performed both in gas
phase and in aqueous solution. The spectra obtained for those
molecules are shown in Fig. 3. The comparison between the
energies of the peaks calculated in this work (Gaussiani1é,
B3LYP/6-31+G*) and the ones after ref. 9 (Gaussian09, B3LYP/6-
31G**) are shown in Table 3.

In Fig. 3a is reported the absorption spectrum of the
combined system in gas phase C,;,-T705 (red line) and in
aqueous solution C,,-T705 (H,0) (red dotted line) in compar-
ison with those of the free molecules in gas phase (the blue line
is C,4 and the green line is T705). The energies of the peaks
calculated for the combined system are shown in Table 2 and
the ones for the free molecules are shown in Table 1. The first
notable difference between combined molecule and free ones is

22486 | RSC Adv, 2023, 13, 22481-22492

the onset peak position, which is at 3.26 eV for the combined
system in gas phase (3.22 eV in aqueous solution), 3.67 eV for
C,, in gas phase (3.66 eV in aqueous solution) and 4.26 eV for
T705 in gas phase (4.22 eV in aqueous solution). We notice the
presence of two peaks in the spectrum of the combined system
positioned near the onset of the spectra for each free molecules.
There are no notable differences in the energy of the main peak,
that is near to the one of C,,. The main peak relative to the
combined molecule results shifted passing from the gas phase
to the aqueous solution (from 5.39 eV to 5.28 eV).

In Fig. 3b are reported the spectra of the combined system
B1,N;,-T705 in gas phase and in aqueous solution B;,N;,-T705
(H,0) and the spectra of the free molecules in gas phase only. At
2.69 eV in the spectrum of B;,N;,-T705 a small structure
appears. In the proximity of the onset peak of T705 we still
observe a peak in the spectrum of the combined molecule,
shifted towards smaller energies (redshifted). We notice major
overlaps towards larger energies.

In Fig. 3c are shown the spectra of the combined system
C,3B-T705 in gas phase and in aqueous solution C,3B-T705
(H,0) and the spectra of the free molecules in gas phase. The
onset peak corresponding to C,3B-T705 is near the onset peak of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Excitation energies (E, eV), wavelength (1, nm) oscillator strength (O.S.), molecular orbital contributions (with the corresponding weight
in brackets), character (CT/LE) of selected transitions (onset and main peak), in gas and aqueous solution for the combined systems

Gas phase Aqueous solution
Systems E(eV) A(nm) O.S. MO contributions Systems E(eV) A(nm) O.S. MO contributions
Cy4-T705 3.26 380.3 0.008 H-3 — L+ 1 (0.49) (CT) C,-T705 3.22 384.8 0.0003 H — L+ 3 (0.23)
H-1 — L+3 (0.22)
539 2299 0.333 H-14 — L+ 2 (0.13) (LE) 5.28 234.8 0.609 H-14 — L (0.19)
B,,N1,-T705 2.69 461.3 0.009 H — L (0.49) (CT) B;,N;,-T705 3.59 3451 0.006 H — L (0.43)
410 3025 0.196 H-7 — L (0.42) (CT) 4.03 307.6 0.299 H-3 — L (0.49)
C,3B-T705 2.15 577.0 0.002 HB-1 — LB + 5 (0.24) (CT) C,3B-T705 2.09 593.0 0.001 HB-1 — LB + 3 (0.20)
HA — LA + 4 (0.18) (CT) HA-1 — LA +2(0.16)
HA — LA + 3 (0.15)
410  302.1 0.139 HA-10 — LA (0.26) (CT) 214 5788 0.002 HA — LA +3(0.32)
HB-9 — LB (0.24) (CT) HB-1 — LB + 4 (0.32)
CB,;N;,-T705 2.32 534.9 0.049 HA — LA +9 (0.82) (LE) CB,;N;,-T705 2.21 560.1 0.062 HA — LA +3 (0.88)

3.91 317.4 0.158 HA-1 — LA (0.30) (CT)
HA — LA + 15 (0.28) (CT)

Gay,N;,-5FU (ads) 2.34 530.1 0.001 H-1 — L (0.29) (CT)
H — L (0.16) (CT)
3.91 317.3 0.121 H-13 — L+1 (0.42) (LE)

Gay,N;,-5FU (cov)  2.33 531.8 0.001 H — L (0.49) (LE)
3.85  321.8 0.081 H-12 — L (0.36) (LE)

Cp4-5FU 2.27 5462 0.006 HB-2 — LB (0.45) (LE)

525 2362 0.103 HA-2 — LA+9 (0.15) (LE)
HA-1 — LA + 9 (0.08) (LE)

B1,N;,-5FU 0.65 1894.0 0.059 HB — LB (0.88) (CT)
6.29  197.0 0.060 HB-11 — LB+ 1 (0.36) (CT)

Cy3B-5FU 2.03 610.9 0.005 H — L+ 2 (0.30) (LE)
H-2 — L+1 (0.18) (LE)
4.83 256.9 0.140 H-1 — L+ 8(0.17) (LE)
H-11 — L + 2 (0.12) (LE)

CB11N1,-5FU 4.56 272.2 0.149 H — L (0.47) (LE)
7.48 165.7 0.111 H-14 — L (0.26) (LE)
H-4 — L +10 (0.13) (CT)

3.79 326.7 0.245 HA — LA +11(0.52)

Ga;,Ny,-5FU (ads)  2.55 486.0 0.001 H — L (0.48)
4.03 3074 0177 H-14 — L (0.40)

Ga;,N;,-5FU (cov)  2.60 477.8 0.001 H — L (0.49)
4.29 289.3 0.119 H-15 — L (0.34)

C,4-5FU 2.28 542.9 0.002 HB-3 — LB (0.34)

HA — LA +2 (0.21)
518  239.4 0.203 HA — LA+9(0.12)

B1,Ny,-5FU 0.82 1518.8 0.018 HB-1 — LB (0.95)
7.36 168.5 0.183 HA-12 — LA +1 (0.19)
HB-11 — LB + 2 (0.19)
C,3B-5FU 2.40 517.3 0.029 H-3 — L (0.48)
4.65 266.4 0182 H-1 — L+7(0.39)

CB;1N;,-5FU 4.56 272.0 0215 H — L (0.48)
6.08 204.0 0.241 H — L+6(0.45)

Table 3 Energiesin eV of the peaks of the combined systems C,4-T705, B1,N1,-T705, C,3B-T705, CB11N1»-T705 in comparison with those after
ref. 9, in gas phase and in aqueous solution. In parenthesis the relative deviations have been reported

Systems E§%ix (this work) ESeax ref. 9 E;[eﬁ (this work) Egeﬁ ref. 9
C24°T705 3.26 (+1.6%) 3.21 3.22 (—0.9%) 3.25
B1,N;,-T705 4.10 (—0.9%) 4.14 4.03 (—0.8%) 4.06
Cp3B-T705 2.15 (—0.9%) 2.17 2.09 (—5%) 2.20
CB,;N;,-T705 3.85 (+2%) 3.76 3.90 (—4%) 4.04

the free C,3B (2.15 eV for the combined system and 2.16 eV for
the free C,3B). We notice at 3.23 eV a peak in the C,3B-T705 that
is not present in the other cases. We observe a redshift in the
onset peak of the T705, more clear for C,3B-T705 (H,0). At
larger energies there are no notable differences.

© 2023 The Author(s). Published by the Royal Society of Chemistry

In Fig. 3d are shown the spectra of the combined system
CB,;N;,-T705 in gas phase and in aqueous solution CB;1Nj,-
T705 (H,0) and the spectra of the free molecules in gas phase.
In both phases, the spectrum of the combined molecule shows
an onset peak at much smaller energies than the ones of the free
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molecules. In the region where the onset peak of the free
molecule is, we observe a peak in the combined system too. In
the case of the combined molecule there is no evident differ-
ence between the spectrum for CB;;N;,-T705 and CB;;N;,-T705
(H20). In conclusion, in the analyzed configurations some
peaks are present only for the combined systems and some
notable differences take place between the absorption spectra
of the free molecules and the ones of the combined molecules.
Those differences can be used as an optical fingerprint to
deduct if the molecules are truly combined. Furthermore, as
shown in Table 3, the energies of the peaks for the combined
molecule in gas phase here calculated are in fair agreement to
those present in ref. 9. In fact we have a maximum deviation of
2% for the molecule in gas phase and of 5% for the molecule in
aqueous solution.

3.2 GaN clusters-5FU

We analyze now the proposed molecules after ref. 6. Unlike the
above analyzed molecules, in those clusters we have a carrier
formed of gallium and nitrogen atoms. In the following we
present the absorption spectra calculated in this work of two
systems made of Ga;,N;, combined with 5FU, the first via an
adsorption (Fig. 2e) and the second via a covalent bond (Fig. 2f),
both in gas phase and aqueous solution. In Table 4 has been
reported the comparison between the energies of the peaks
presented in ref. 6 (Gaussian09, BMK/6-31++G**) and the
correspondent ones calculated in the present work (Gaussian16,
B3LYP/6-31+G*).

In Fig. 4a we show the absorption spectrum of the adsorbed
system Ga;,N;,-5FU. No large difference is present between the
spectra of the combined molecule in gas phase and the free
molecule Ga;,Nj,. On the other hand, for the spectrum of
combined molecule in aqueous solution Ga;,N;,-5FU (H,0) we
notice a blueshift of the main peak of the carrier and the
presence of peaks at smaller energies that are not present for
the Ga;,Ny,. In the high energies region, the spectra of all the
systems are similar.

In Fig. 4b we show the spectra of the covalent bonded system
Ga,,N;,-5FU. As above, we notice small differences between the
spectra of bonded molecule and free carrier in gas phase and we
observe a blueshift of the peaks for the bonded molecule in
aqueous solution. In the higher energies region we notice that
the peaks present in the Ga;,N;, spectrum are replaced by
a single wide peak.

In conclusion, we find a good agreement in comparing the
energies of the peaks calculated in the present work with the
ones after ref. 6. The small differences in the data present in
Table 4 can be ascribed to the different basis-set used for the
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calculations and to the different exchange-correlation func-
tional used.

3.3 C and BN clusters - 5FU with covalent bond

Finally, we analyze the optical absorption spectra of the four
original systems after this work (Fig. 5). We have obtained these
systems (Fig. 2g—j) by forcing a covalent bond between the drug
molecule (5FU) and the carrier (C/BN nanocluster). In Tables 1
and 2 we show some important details of the optical onset
transitions and the main peaks of all the spectra of free and
bound systems, in gas phase and aqueous solution.

In Fig. 5a we note that the spectrum of the combined system
C,4-5FU is quite different from the ones of free C,, and 5FU, for
both energy position and height of the peaks. In particular, the
absorption of C,,-5FU begins in the visible region at the energy of
2.27 eV, a value redshifted with respect to that of both the carrier
(3.67 €V, NUV) and the drug (4.93 eV, MUV). The main feature of
Fig. 5a is the strong reduction in height of the main peak of C,,
after its binding with 5FU. At this energy, 5.39 eV, we can find
a peak of the combined system with a considerable smaller
oscillator strength (from 0.418 to 0.064). Moreover, the nature of
the transition is different because the involved molecular orbitals
are not the same as for C,,. In particular, the transition for the
combined system is between the orbitals HA-14 and LA, with
a weight of 0.16, while those for C,, are reported in Table 1. The
main peak for C,,-5FU is located at 5.25 eV (in Table 2 more details
about it). In this case the solvent effect in the spectrum of the
combined system is not relevant. The onset and main peak for C,,-
5FU (H,O) are at similar energy than those in gas phase, with small
differences in the O.S. and in the MO involved in the transitions
(see Table 2). This fact can be of importance for applicative
reasons: in fact the absence of the peak at 5.39 eV in the absorp-
tion spectrum can be interpreted as a clear optical fingerprint of
the occurred molecular bond between C,, and 5FU clusters.

In Fig. 5b we note that the absorption spectrum of B;,Nj,-
5FU is very different from that of the free B;,N;, and 5FU
systems. The combined system here analyzed is characterized
by very different absorption structures, especially in the low
energies region. In particular, the absorption of B;,N;,-5FU
takes place in a range that cover the IR, the visible and the UV,
while the absorption of free systems presents spectra mainly
located in the UV region. In more detail, for the gas phase, the
onset energy of the combined system is at 0.65 eV, very distant
from the one of the drug (4.93 eV, MUV) and of the carrier
(6.35 eV, FUV). For energies larger than 6 eV we can see simi-
larities between the spectra. For example the main peak of
B1,N;,-5FU in gas phase (6.29 eV) is at the same energy of a peak
of the drug (6.29 €V, O.S. = 0.114, H — L + 2, weight = 0.44) and

Table4 Energiesin eV of the peaks of the combined systems in comparison with those after ref. 6 in aqueous solution. In parenthesis the relative

deviations have been reported

Systems E;Saia (this work) E}I;Ea(l)(,l ref. 6 E;Sai,z (this work) E;Ea?(l ref. 6
Gay,Ny,-5FU (ads) 3.52 (+3%) 3.43 4.73 (—0.4%) 4.75
Gay,Ny,-5FU (cov) 3.54 (+2%) 3.47 4.88 (+1.5%) 4.81

22488 | RSC Adv, 2023, 13, 22481-22492
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it is near to the onset of the carrier (6.35 eV). Moreover, the
combined system presents a major peak at 7.44 eVq near to the
main peaks of the free systems B;,N;, (7.14 eV) and 5FU (7.46
eV). We see from Table 2 that the nature of these transitions is
different. On the other hand, the solvent effect in the TD-DFT
calculations leads to some differences in the onset and in the
main peak of the combined system with respect to the gas
phase. The onset peak is blueshifted (from 0.65 eV to 0.82 eV)
and its oscillator strength is reduced (from 0.059 to 0.018); the
main peak is at higher energies (from 6.29 eV to 7.36 V) near to
the before mentioned peak at 7.44 eV. Also in this case, the
presence of structures in a more than 4 eV extended region
below the absorption edge of 5FU is a clear optical fingerprint of
the occurred molecular bond between B,,N;, and 5FU.

In Fig. 5¢ we note that, for the combined system C,3;B-5FU, the
initial part of the spectrum is similar to that of the carrier C»;B.
This behavior occurs up to 4.5 eV, for an energy range in which the
free biomolecule is not absorbing. The onset energy for both the
combined system and the carrier is in the visible region, respec-
tively at 2.03 eV and 2.16 eV. The spectrum of C,;B-5FU at energies
larger than 4.5 eV differs slightly from the spectra of free mole-
cules. In particular, it presents some new absorption structures.
The main peak of C,3B-5FU (4.83 eV) is only 0.1 eV redshifted with
respect to the energy of the onset for the drug (4.93 eV). Moreover,
near the carrier MP energy position (5.47 eV), there is a peak of the
combined system (E = 5.42 €V, O.S. = 0.097, H-11 — L + 3, weight
= 0.33). The spectrum of C,3;B-5FU (H,O) presents peaks at ener-
gies slightly different from those for the gas phase. In more detail,
the onset peak is blueshifted (from 2.03 eV to 2.40 eV) while the
main peak results redshifted (from 4.83 eV to 4.65 eV). In this case
no clear and distinguishable optical difference could be found for
the considered clusters either in gas phase and in aqueous
solution.

In Fig. 5d we see that the CB;;N;,-5FU begins its absorption
in the MUV at 4.56 eV. This is the only case, with respect to the
here studied clusters, in which the onset energy lies in the UV
region at a value placed in the middle between the peaks of free
molecules. In the three previous cases instead, the onset for the
combined system was always at lower energy than for the free
molecules and it lied in the visible or IR region. Here, otherwise,
the onset of CB;1N,-5FU is blueshifted of +15% and redshifted
of —7% as compared, respectively, to those of the cluster
(3.95 eV, NUV) and the drug (4.93 eV, MUV). In the regions
around 6 eV and 7 eV we find also some overlaps of peaks of the
free and bound systems. In this case the solvent effect is more
significant in the region beyond 5.5 eV. The onset results at the
same energy (4.56 eV) as that found for the gas phase. However,
the oscillator strength is almost double (from 0.149 to 0.215).
Beyond 5.5 eV, for CB;;N;,-5FU (H,0) we observe a shift of the
peaks (for example that around 6.25 eV) and to an average
increase of the oscillator strengths. In this particular case the
presence of the peak at 4.56 eV can be considered as the optical
evidence of the realised drug/carrier bond.

9 Around this energy there are several roots that determined a broad Lorentzian
structure. The root with larger oscillator strength is characterized by: E = 7.44 eV,
0O.S. = 0.032, HA-5 — LA + 6, weight = 0.08.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.4 Long-range corrected optical properties

We have performed some test calculations for 5FU systems
using the long-range corrected CAM-B3LYP exchange-correla-
tion functional.

As we show in Fig. 6, the corresponding spectra presents
basically just an almost rigid shift of the order of ~0.1 to
~0.4 eV and some small amplitude variations in the absorption
features. The shift appears of the same order of those found in
ref. 86 using CAM-B3LYP.

For the scope and the level of this work the differences
between the two calculations are small enough to guarantee the
low energy same pattern. For this reason we can still consider
valid our previous B3LYP results.

4. Additional computational details,
tests, and open issues

To give a more general (and chemical) insight in the results of
the present paper, the MOs for the onset transitions relative to
alarge subset of the studied systems, along with a description of
the CT transitions, have been reported in the ESI.f Moreover,
the details of the transitions have been extensively reported in
Tables 1 and 2. Take in consideration that we also made the
comparison of our results with those after ref. 6 and 9. We have
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(a) Gas-phase absorption spectra of BjoNy4-5FU calculated with B3LYP (red line) and CAM-B3LYP
(blue line).

0.35

—— C,3B-5FU (B3LYP)
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(b) Gas-phase absorption spectra of Co3B-5FU calculated with B3LYP (red line) and CAM-B3LYP
(blue line).

Fig. 6 Absorption spectra calculated with different exchange-
correlation functional; comparison for (a) B;oN;>-5FU and (b) C,3B-
5FU.
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found a good agreement with the calculations of those refer-
ences, proving that our method is valid and can be used for
studying similar drug delivery systems, as the ones original
from our work. In addition, we calculated some properties that
are not present in the literature that can be used to provide
other information on the systems of interest, e.g., full spectra
representation and some additional peaks information.

We performed also different additional convergence tests:
the average number of states included in the calculations are
350 for each system, using the Casida formalism to calculate the
absorption spectra.

In the cases of CT character, the theory here adopted pres-
ents some limitations (as reported, e.g, in ref. 84) and for this
reason some CT states may be affected by an unfair description.
Moreover, the number of states calculated may be not sufficient
to completely characterize the high energy region of the
absorption spectra of some molecules. On the other hand, it is
out of the scope of this work a in depth study of the high energy
or Rydberg transitions.

To validate further our method, we have performed addi-
tional calculations with a larger basis set for the wave-function
representation in some configurations and the resulting spectra
are almost identical to the ones we reported in this article
produced with the smaller basis set.

Considering the possible discrepancies arising for some CT
transitions after the use of the TDDFT-B3LYP scheme, we per-
formed additional TDDFT CAM-B3LYP spectra calculation
(Section 3.4). The comparison with the TDDFT-B3LYP spectrum
demonstrates that the CAM-B3LYP absorption spectrum
present the same structure and main peaks with a small blue-
shift. We reached these conclusions after comparing tha
absorption spectra for some systems, e.g., the B;,N;,-5FU and
the C,3B-5FU systems, (reported respectively in Fig. 6a and b).

All the spectra have been obtained by the convolution of
Lorentzian curves (FHWM of 0.05 eV) with the single eigen-
values' peaks obtained by the output of Gaussian16. The
broadening value is obtained by a trade-off between the plots
readability and the need to ensure that most of the peaks are
resolved.

Moreover, we decided to add in the ESIT the coordinates for
some important cases in order to guarantee the reproducibility
of the results. Hereby we confirm that the here proposed
method permits to know for the first time, for several different
molecular systems of importance for the drug delivery, how
their electronic and optical properties change following the
establishment of a bond between the carrier and the drug
molecule. Moreover, the possibility to compare to previous
works for some systems confirmed the validity of the method-
ology we applied.

Finally, in some of the studied systems there is the occur-
rence of possible multireference character (MC) states.
However, since this phenomenon occurs only in a very limited
number of the molecules under study, this fact does not affect
dramatically the general conclusions of the paper. We have
already planned a new computational campaign in which we
will address in a deeper way this particular issue using more
refined computational schemes.

22490 | RSC Adv, 2023, 13, 22481-22492
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5. Conclusions

We propose in the present work a computational study of the
optical absorption of nanostructured clusters of interest for
drug delivery applications. We considered a group of combined
drug/carrier clusters which have been demonstrated stable after
previous computational studies. The remaining systems show
stable geometries after the present study. We, in some cases,
observed the appearance of new peaks in the spectra of the
combined systems or red or blue shift effects in the already
existing structures. The changes in the absorption spectra could
play the role of an optical signature helping to verify the correct
occurred bonding needed for drug delivery and for tracking the
combined clusters once formed in solution. Possible future
developments of the present work could be the study of the
release mechanisms of the drug at the target, the application of
more refined models for the water solvent, the extension of the
same analysis to different solvents.
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