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e The adsorption behaviors of flucytosine
(Fcy) onto BN, (n =12, 16, 20, and 24)
were studied.

e The partially covalent B---N bond is
investigated to be the main force be-
tween Fcy and B,N,,.

e Large reductions in the HOMO-LUMO
energy gap were observed for all B,N,-
Fcy complexes after Fcy adsorption.

e The interaction energy between the en-
tities and the adsorption capacity of
B,N, diminishes with the increase in
cage size.
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GRAPHICAL ABSTRACT

ABSTRACT

Understanding the interactions between boron nitride-based nanocage scaffolds with drug molecules is a pre-
requisite for their application as drug carriers. Herein, the adsorption behaviors of the anti-fungal drug flucy-
tosine (Fcy) on the surfaces of different zero-dimensional B;N, (n = 12, 16, 20, and 24) nanomaterials were
systematically studied based on the density functional theory (DFT) and molecular dynamics (MD). An ideal
complementarity between their electrostatic potential surface is witnessed for the most stable B,N,-Fcy com-
plexes. The atoms in molecules (AIM) analysis further reveals the partially covalent B---N bond is the main force
between Fcy and B,N;,. And the interaction energy between the entities in both gas and aqueous phase diminishes
with the increase of cage size. Meanwhile, significant reductions in the HOMO-LUMO band gap energy of B,Ny-
Fcy complexes were observed after Fcy adsorption. Furthermore, MD simulations demonstrate the spontaneous
adsorption of Fcy molecules onto the surface of BNy, with the adsorption capacity of B,N, decreasing as the cage
sizes increase. The aforementioned findings collectively indicate the adsorption behavior of Fcy can be tailored
by the selection of different B,N,,, making it a potential candidate for Fcy drug delivery to meet different needs.
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Hopefully, the results would provide valuable theoretical guidance for the development of B,N,-based drug

delivery systems.

1. Introduction

Diseases caused by various fungal infections have become a serious
threat to human health all over the world. Fungi cause various diseases
in humans, from allergic syndromes to superficial, disfiguring, and life-
threatening invasive fungal diseases, which collectively affect over 1
billion people worldwide [1-3]. Pharmacotherapy is definitely an
important and dominate treatment for fungal infections, among which
flucytosine (Fcy) is the preferred high-dose drug owing to its high
sensitivity to systemic fungal infections caused by candida and crypto-
coccus [4,5]. However, the rapid dissolution and almost complete ab-
sorption of Fcy may result in severe side effects, especially liver toxicity,
ranging from mild liver damage to fulminant liver failure [6,7]. Even
worse, the narrow treatment window and the fact that 90% of the drug is
excreted from the urine through glomerular filtration require frequent
administration [8], leading to poor patient compliance and ultimately
affecting its effectiveness in clinical use. In fact, this is also a common
issue faced by many drugs, such as isoniazid, pyrazinamide, and so on
[9]. Therefore, in order to address the problems encountered by Fcy, the
administration strategy of existing drugs needs to be improved to
strengthen their efficacy while reducing their toxicity.

The boosting of nanotechnology renders nanomaterials a promising
and popular candidate for controllable drug delivery systems. Nano-
materials can not only improve the solubility of poorly water-soluble
drugs and prolong the half-life of drugs, but also release the drug in a
controlled or environmentally responsive manner to regulate the bio-
logical distribution of drugs and thus minimize side effects [10,11]. In
recent decades, various nanomaterials have been developed and adop-
ted as drug delivery vehicles, especially these low-dimensional nano-
materials based on carbon and boron nitride (BN), such as fullerenes,
graphene derivatives, boron nitride nanocages and so on [11,12].
Among them, BN nanocages with different sizes have been repeatedly
studied for varied applications (e.g., drug delivery and biosensors) due to
their superior biocompatibility, remarkable stability as well as excellent
physical and chemical properties [13-23]. For example, the potential
applications of Bi3Npo for serine [18], penicillamine [19], cladribine
[20] and ciclopirox [17] were computationally investigated. Recently,
our group has theoretically demonstrated that Bj2Nj5 can serve as an
ideal carrier for the anti-tuberculosis drug pyrazinamide[16]. Gao et al.
indicated that the glycine- functionalized boron nitride (B12N12/B16N16)
nanocages are promising materials for biomedical and drug-delivery
applications based on density functional theory (DFT) calculations
[24]. Hazrati et al. proposed the potential application of By4Ng4 as a
drug delivery system for the anticancer drug 5-fluorouracil [25].

It is generally believed that the size of nanomaterials has significant
effects on the adsorption behaviors of drug molecules. Moreover, a
thorough knowledge of the interaction between nanomaterials and drug
molecules is a prerequisite for their applications. Nevertheless, the
adsorption behaviors of Fcy onto the BN nanocages remains unknown,
nor the influence of different sizes of nanostructures on their interaction
with Fcy. Hence, it is of great importance to monitor the adsorption
behaviors of Fcy on the surfaces of zero-dimensional BN, materials with
various sizes. Herein, based on the density functional theory (DFT), our
results demonstrated that different sizes of BN, have significantly
different structural and electronic properties. And the geometric pa-
rameters, bonding nature, and interaction energy of the most stable
ByNp-Fcy (n = 12, 16, 20, and 24) complexes display a pronounced
dependence on the size of B,N;,. Additionally, the results from molecular
dynamics (MD) simulations indicate that Fcy molecules were sponta-
neously adsorbed on the surface of B,Ny,. And the adsorption capacity of
BN, for Fcy decreases as cage sizes increase, which is also applicable for

antiviral favipiravir (FPV) and anti-tuberculous isoniazid (INH) drugs.
Expectantly, our results would enrich the knowledge of the adsorption
behavior of flucytosine on different zero-dimensional BN, materials
and provide meaningful guidance for the development of nanocage-
based drug delivery systems.

2. Computational details
2.1. DFT calculations

The geometric structures of flucytosine and pristine BN, (n = 12,
16, 20, and 24) were fully optimized in Gaussian 09 program [26] at the
MO06-2X/6-311G** level, the method of which is extensively adopted
and has been shown reliable in dealing the similar systems [16-18]. The
most stable configuration of Fcy on the surface of different B,N,, (n = 12,
16, 20, and 24) was obtained by a conformation search method as
described previously [16,27]. Concretely, 500 structures with Fcy
randomly distributed around the B,N;, were optimized at the PM6-D3H4
level using MOPAC2016 software [28], which were generated by the
Molclus package [29]. Then, according to the energy sequence of the
complexes and the potential interaction sites derived from the electro-
static potential surface of each component, several conformers were
selected for DFT calculations at the M06-2X-D3/6-311G** level. Be-
sides, only neutral systems (q = 0) with the singlet state were considered
in this study, as the singlet structure is demonstrated to be the
lowest-energy isomer for the similar system by the previous study [15].
Meanwhile, the frequency calculations were conducted to ensure all the
optimized structures are at local minima on the potential energy surface
and represent no imaginary frequencies. Finally, the structure with the
lowest Gibbs free energy is regarded as the most stable configuration at
the current calculation level.

To investigate the structural stability of each B,N; nanocage, the
cohesive energy of the pristine B,N;, can be determined by the following
equation:

Ecoh = [EBnNn - NEB - nEN)]/(2 n) (@)

where Eg, En, and Epyny are the electronic energy of a single B atom,
N atom and B,N;,, molecule, respectively; n is the number of the corre-
sponding atoms involved in system. And the interaction energy (Eint)
between Fcy and BN}, in gas phase can be computed though the equa-
tion bellow:

Eint = Ecomplex - (EpN + EFcy) + EBSSE (2)

where Ecomplex represents the total energy of the B,N,-Fcy complex,
Epy and Egcy are the energy of B;N,, and Fcy, respectively; Epssg is the
basis set superposition error (BSSE) energy, which was computed by the
Boys-Bernardi counterpoise procedure [30]. Moreover, the polarizable
continuum model (PCM) was adopted to imitate the solvent effect of
water on the adsorption of Fcy drug [31], with the interaction energy
(Eint-w) in aqueous phase calculated based on Eq. (2) without applying
BSSE correction.

The frontier molecular orbitals, including the highest occupied mo-
lecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), are important indicators for describing the chemical reactivity
and ability of molecules to adsorb on a specific surface. On the basis of
the calculated HOMO energy (Egomo) and LUMO energy (Erymo), the
HOMO-LUMO energy gap (Ebg= Erumo — Enomo) can be obtained, which
is always positive for the studied systems here. Considering the calcu-
lated HOMO-LUMO energy gap is greatly affected by the selected DFT
functionals, the B3LYP functional was employed to calculate Epg of ByN,
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and their complexes as it is proved to be an ideal functional to cope with
the similar systems [32,33]. Meanwhile, the relevant quantum molec-
ular descriptors are calculated to predict the physical and chemical
properties of the system using the formula below:

_ Eyomo + ELumo

O ®

_ Ewmo ; Ernomo 4
5= zin ®)
w = g—; 6)

where u represents chemical potential, # is chemical hardness, S is global
softness and w stands for electrophilicity index.

The quantum theory of atoms in molecules (AIM) method was
employed to analyze the electron density and bonding characteristics of
the Fcy-B,N,, complexes. The topological parameters at the bond critical
points (BCPs), such as electron density (p), Laplacian of electron density
(V2p), Lagrangian kinetic energy (Gy), potential energy density (V;) and
total energy density (H;) are expected to understand and identify the
type of interactions [34]. In addition, the AIM analyses were done in
Multiwfn 3.8 software [35], and the results were visualized using VMD
[36].

2.2. Molecular dynamics simulations

For deciphering the adsorption details and measuring the adsorption
capacity of Fcy on different B,N, nanocages, MD simulations of BNy
(n =12, 16, 20, and 24) nanocages interacting with Fcy in aqueous
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solutions were carried out using the GROMACS 2021 computational
package [37]. The initial configurations of B;N,, (n = 12, 16, 20, and 24)
and Fcy were taken from the DFT optimized structure, and the force field
parameters were generated using Sobtop package [38]. The cubic
simulation boxes were constructed by the Packmol program [39] with
the periodic boundary conditions applied to the x, y, and z directions,
which contain one BN, molecule located in the center and 50 randomly
distributed Fcy molecules, solvated by 5000 water molecules. The
general AMBER force field (GAFF) [40] was employed to describe all of
the bonded and non-bonded interactions, and the atom charges were
calculated based on the framework of the advanced restrained electro-
static potential (RESP) charges method [41] by Multiwfn software [35].
For H,0 molecules, the TIP3P water model was adopted. The electro-
static interactions were computed using PME methods with a cut-off
distance of 1 nm [42]. Energy minimizations were conducted using
the conjugate gradient descent method to dismiss the initial stress and
obtain a reliable initial configuration. Following a 1 ns equilibration
simulation, the production simulations ran for 20 ns with a time step of 2
fs in the NPT ensemble. In the production runs, the temperature was
kept constant at 298.15 K by the velocity-rescale thermostat [43] and
the pressure was maintained at 1 atm by Parrinello-Rahman barostat
[44]. From the simulated data, structural and dynamic properties were
analyzed directly by the GROMACS post-processing tools, and all the
visualization was processed using the VMD program [36].

3. Results and discussion
3.1. Structure and properties of Fcy and pristine B,;N;, nanocages
The optimized structures of different B,N, (n = 12, 16, 20, and 24)

nanocages and Fcy are shown in Fig. 1. Structurally, all B,N, nanocages
possess high symmetry of Ty, Tq, C4n, and Sg, respectively. B1aoNjo

Fig. 1. The optimized structures and the ESP mapped vdW surface of (a) Fcy drug and (b) different B,N,, (n = 12, 16, 20 and 24). The surfaces are defined as an
electron density (p) equal to 0.001 au. The purple and blue dot stands for the local maxima and minima of ESP on the vdW surface of Fcy, respectively.
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includes eight hexagons and six squares, while B;jgNj¢ is composed of
twelve hexagons and six squares. Both ByoNyp and B24N24 have more
than one isomer, only the most stable configuration was considered
here. The most stable BygNgo has two octagons, twelve hexagons and
eight squares, while the most stable By4No4 is composed of two octagons,
sixteen hexagons and eight squares. Additionally, the calculated struc-
tures here are in good agreement with previous literatures [45-47].
Also, the cohesive energies of ByN; (n =12, 16, 20, and 24) were
calculated to elucidate the geometric stability of these nanocages, which
was as large as — 6.07, — 6.22, — 6.27, and — 6.34 eV/atom, respec-
tively. The negative and high value of cohesive energy suggested the
high structural stability of pristine B;N,, which are consistent with
previous studies, such as — 6.09 eV/atom for B;oNp2 [48].

The electrostatic potential (ESP) mapped vdW surface is widely
adopted for predicting the interaction sites and investigating electro-
static interactions between molecules as it can depict the charge distri-
butions on the molecular surface. Generally, atoms with higher positive
ESPs have a larger probability to become donor sites whereas atoms with
lower negative ESPs are expected to be better acceptor sites. As illus-
trated in Fig. 1A, the negative ESPs for Fcy almost distribute near the O
and N1 atoms; and the positive ESPs mainly locate around the H atoms.
Specifically, the global minima and maxima of ESPs on the vdW surface
are — 52.14 and + 47.13 kcal/mol, which correspond to the O and H
(linked to the heterocyclic N atom) atoms, respectively. Meanwhile, the
surface area in different ESP ranges of four BN, is plotted as shown in
Fig. 2A, which demonstrates that the absolute value of the positive ESP
is larger than that of the negative ones for all B,N;,. And the negative
EPSs of all B,N;, nanocages (blue regions) are mainly distributed on the
N atoms, while the positive ones (red regions) are concentrated on the B
atoms. The above data suggests Fcy prefers to interact with the B atoms
of B,Nj nanocages through its N and O atoms. Besides, by comparing the
statistical data in Fig. 2A, it can be found that the surface area of most
ESP ranges for different BN, follows the order of By4Nas4 > ByoNag
> B1gN1¢ > B12Npo, while for the ESP range around 29 kcal/mol, the
order is reversed. Considering that the higher ESP regions (around
45 kcal/mol and 53 kcal/mol) for BygNog and B4Noy are located in the
middle of the molecules (the darker red region as shown in Fig. 1B),
which will not be accessed by other molecules, the ESP region of
29 kcal/mol in B,N, would be the most ideal interaction site. And the
higher surface area of 29 kcal/mol ESP region may indicate stronger
interactions. Hence, the interaction energy between Fcy and B,N, may
decrease as the nanocage size increases.

The size of different boron nitride nanocages can be characterized by
their volume and total surface area. Based on the vdW surface defined by
electron density (p) equal to 0.001, 0.002 and 0.003 au isosurface, the
vdW surface area (Sa) and the molecular vdW volume (V) can be
quantified respectively and the results are shown in Table 1. No doubt
that both volume and surface area follow the order: BosNos > BygNog
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> B1eN16 > B12Njo. For example, at p = 0.001 au isosurface, the Sa for
different ByN, (n =12, 16, 20, 24) are 208.65, 249.12, 300.25 and
343.75 A% and the V are 264.03, 345.04, 432.60 and 513.64 ./0\3,
respectively. Additionally, specific surface area (SSA), defined as Sa/V,
can also be computed from these data and pictured in Fig. 2B. At
p = 0.001 au isosurface, the calculated SSA for BN, (n = 12, 16, 20, 24)
are 0.790, 0.722, 0.694 and 0.669 A%/A3, respectively. Obviously,
smaller BN, nanocages have a relatively larger specific surface area.

According to the frontier orbital theory, the Eyowmo reflects the ability
of a molecule to donate electrons and thus can be regarded as a measure
of nucleophilicity; whereas the Ejymo depicts the molecular ability to
accept electrons, which can be used to characterize electrophilicity. The
HOMO and LUMO density distributions of Fcy and B,N;, nanocages were
shown in Fig. 3. It is worth noting that for Fcy, HOMO is mainly
distributed on its O atom and N1 atom, making them more likely
interaction sites. For B,N,, HOMO is mainly distributed on electroneg-
ative N atoms, while LUMO is more distributed on electropositive B
atoms. As shown, the Egomo (ELumo) of Fey, B1aNi2, B1gN16, B2oNag and
By4Noy are calculated to be — 6.35 (—1.43), — 7.93 (-1.05), — 7.61
(-1.25), — 7.72 (~1.31) and — 7.56 (—1.06) eV, hence the Epg are 4.92,
6.88, 6.36, 6.41 and 6.50 eV, respectively. What’s more, the E}g results
calculated here agree well with those obtained at the B3LYP-D3(BJ)/
6-311 G** level (6.87, 6.39, 6.39 and 6.47 eV for Blgng, B1(,N16,
BooN2g, and Bg4Nay, respectively) [15].

3.2. The most stable adsorption configuration of Fcy onto the BN,

In order to evaluate the potential application of different B,N;, in
detecting or delivering Fcy, the most stable adsorption configuration of
Fcy on the surface of BN, were systematically studied, which was ob-
tained at M06-2X-D3/6-311 G* * level. The vibrational stability of
these complexes was ensured by their vibrational spectra as shown in
Fig. S1, of which all the values obtained are reals without imaginary
modes. Structurally, it can be found from Fig. 4A that the Fcy is always
connected to the B atom of the four-member ring in BN, despite the size
of the nanocages. This is consistent with previous reports although a
different isoform of Bo4Ny4 was considered [15]. Meanwhile, though the
O atom in Fcy possesses the most negative electrostatic potential of
— 52.14 kcal/mol, it is the N1 atom that interacts with B,Ny. To gain a
direct understanding of the interactions between Fcy and B,Ny, the su-
perposition of ESP mapped vdW surfaces of Fcy and B,N, in the
B,Ny-Fey complexes was shown in Fig. 4B. It can be found that in the
bonding region, the negative ESP regions around N1 and O atoms in Fcy
overlay ideally with the positive ESP regions around B atoms in ByNj,.
Obviously, stacking in this manner can maximize the advantageous
overlap of different signs of ESP, ultimately resulting in the most stable
structure of the complexes.

The interaction topologies between BN, and Fcy are further

Fig. 2. (A) Area distribution of different ESP intervals and (B) specific surface area (SSA, 10\2/10\3) for the pristine B,N,, (n = 12, 16, 20, and 24).
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The volume (10\3), surface area (1082) and specific surface area (SSA, Az/;\3) of different B,N,, nanocages based on the vdW surface defined by p = 0.001, 0.002 and 0.003

au isosurface.

Comp. Volume (A%) Surface area (A%) SSA (A%/A%)

0.001 0.002 0.003 0.001 0.002 0.003 0.001 0.002 0.003
B12N1o 264.03 229.17 209.42 208.65 191.85 182.48 0.790 0.837 0.871
B16N16 345.04 302.24 277.30 249.12 234.76 227.13 0.722 0.777 0.819
B2oN3o 432.60 380.11 349.29 300.25 287.09 280.07 0.694 0.755 0.802
Bo4Nog 513.64 452.97 417.12 343.75 331.17 324.51 0.669 0.731 0.778

Fig. 3. The HOMO and LUMO density distribution, the calculated HOMO energy (Exomo, €V), LUMO energy (ELymo, €V), HOMO-LUMO energy gap (Epg, €V) of the

B,N, and Fcy at the B3LYP/6-311 G* * level.

identified by the AIM theory, which clarifies the bonding nature based
on the topological parameters at the bond critical points (BCPs) [49,50].
The AIM molecular diagram of the B,Ny-Fcy complexes is shown in
Fig. 4C and the detailed topology parameters are summarized in Table 2.
As presented, there exist B---N bond and N---H bond for all B;Ny-Fcy
complexes, and also N---O bond for the complexes except B;aNpo-Fcy.
Among these interactions, the B---N bond has the largest density of all
electrons (p) and the most negative potential energy density (V,), indi-
cating it is the main force between B,N, and Fcy. Meanwhile, the Lap-
lace of the electron density (V2p) of B:--N bonds are positive, and its
energy density (H,) are negative, indicating the partially covalent nature
of the interaction. And so does the N---H bond in B;N-Fcy complexes
(n =12, 16 and 24). As for the N---O bond, it has positive values of Vzp
and H;, thus exhibiting typical electrostatic interaction characteristics.
The interactions between Fcy and BNy, in gas phase (Ejy) and aqueous
phase (Ejyt.w) were further quantified and plotted in Fig. 5A, with rela-
tive data summarized in Table S1. Structurally, the negligible RMSD
values denote little difference between the optimized structure of
B,Ny-Fey complexes in gas and aqueous phase. Energetically, the Ejy of
ByNp-Fey (n =12, 16, 20, and 24) are — 57.91, — 57.28, — 53.99 and
— 52.88 kcal/mol, while the Ej,., are — 24.97, — 20.59, — 16.23 and
— 15.10 kecal/mol, respectively. It is pronounced that the interaction
energy between Fcy and B,N, nanocages reduces as the cage size in-
creases, which may attribute to the decreased surface area of the
29 kcal/mol ESP region in BN, that interacts with Fcy (Fig. 2A).

Additionally, the results suggest that the adsorption behavior of Fcy onto
B,N;, strongly depends on the size of the nanocages, which provides
theoretical guidance for the selection of proper carriers for Fcy delivery.

The ESP plots of B,Ny-Fcy complexes were calculated and displayed
in Fig. 6A. Significant changes in the electronic distribution of B,Ny-Fcy
complexes are observed as the Fcy part becomes more positive while the
B, Nj, part becomes more negative after Fcy adsorption. Thus, the results
demonstrate the charge transfers from Fcy to the BN, nanocages. To
reveal the electronic structures of the B,N,-Fcy complexes and under-
stand the adsorption mechanism of Fcy on the B;N;, nanocage, the
frontier molecular orbitals (HOMO-LUMO) are analyzed and shown in
Fig. 6B-C. Actually, the adsorption of Fcy substantially affect the dis-
tribution of HOMO and LUMO electron clouds of BNy, Specifically, the
uniformly distributed HOMO on the N atoms of B,N, nanocages have
been redistributed to the part near the adsorption sites of Fcy, resulting
in the increase in the energy of HOMO. And the LUMO concentrated on
the B atoms of BN, are completely transferred to Fcy part in B,Ny-Fcy,
which significantly lowers the energy levels of LUMO in ByNy-Fey. Such
a distribution contributes to a significant change in Epg of the system. For
example, when Fcy adsorbs onto B12N1s, the Eyomo of the complex in-
creases from — 7.93 to — 6.73 eV, while the Ejyymo decreases from
— 1.05 to — 2.58 eV, which leads to the reduction of Ejg from 6.88 to
4.15 eV. Similarly, after Fcy adsorption, the Eyomo and Epymo of B1gN1e-
Fcy, ByoNgyg-Fey and BysNaos-Fey complexes also changed significantly,
with their Epg decreased to 4.03, 4.05 and 4.17 eV, respectively.
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Fig. 4. (A) The optimized configurations of the most stable BN, -Fcy complexes; (B) the superposition of ESP mapped vdW surfaces of Fcy and B,N,, in the B,N,-Fcy
complexes (the unit is in kcal/mol); (C) the molecular graph of B,N,-Fcy complexes obtained by AIM analyses, the orange line and sphere represent the bond path

and the (3, —1) BCP, respectively.

Table 2

Topological parameters, including bond length (d, A), density of all electrons (p), Laplacian of electron density (V2p), Lagrangian kinetic energy (G,), potential energy
density (V,) and energy density (H;) (all in atomic units) for the optimized B,N,-Fcy complexes at the (3, —1) critical points.

Complex Interaction d p
B12Npo-Fey B--N 1.63 0.1171
N---H 1.80 0.0411
Bi1sNie-Fcy B--N 1.64 0.1135
N---H 1.76 0.0456
N---O 2.86 0.0133
BooNao-Fey B--N 1.63 0.1154
N---H 2.32 0.0154
N--H 2.19 0.0160
N--O 2.80 0.0141
B24Nag4-Fey BN 1.66 0.1081
N--H 1.78 0.0445
N---O 2.84 0.0119

v G, v, H,

0.3033 0.1574 -0.2390 -0.0816
0.1131 0.0322 -0.0361 -0.0039
0.2856 0.1500 -0.2285 -0.0785
0.1143 0.0350 -0.0415 -0.0065
0.0545 0.0117 -0.0098 0.0019
0.3042 0.1559 -0.2357 -0.0798
0.0626 0.0130 -0.0104 0.0026
0.0597 0.0123 -0.0097 0.0026
0.0572 0.0123 -0.0103 0.0020
0.2667 0.1403 -0.2140 -0.0737
0.1149 0.0345 -0.0403 -0.0058
0.0485 0.0103 -0.0084 0.0019

Notably, the distribution of frontier molecular orbitals and their energy
changes of B,Ny-Fcy are similar, suggesting that the size of B,N; has
little influence on the orbitals of these complexes. Besides, the Epg
decreased by 39.68%, 36.64%, 36.82% and 35.85% for B;N,-Fcy com-
plexes (n =12, 16, 20, and 24), respectively (Fig. 5B). Though
decreased in comparison to the pristine B,N, nanocages and Fcy
(4.92 eV), the Eyg values (4.03-4.17 eV) of B,N,-Fcy complexes are still
greatly larger than the experimentally measured Epg (1.57 eV) of Ceo
[51], suggesting the lower chemical reactivity and high chemical

stability of these complexes as drug delivery systems. Moreover, the
reduction in Ejg stands for the enhancement in conductivity, which may
enable the detection of drugs based on electrochemical signals generated
during the adsorption process [52]. Therefore, BN, nanocages have
high sensitivity to Fcy drug and are expected to be used as Fcy drug
Sensors.

In addition to Eyomo, Erumo, Ebg, Table 3 also lists the reactivity
parameters (g, 1, S and ) of B,Ny-Fcy complexes to further characterize
the potential of the nanocages as drug carriers. Generally, a smaller  or
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Fig. 5. (A) The interaction energy between Fcy and B,Nj, in gas phase (Eiy;, kcal/mol) and aqueous phase (Ejn¢.w, kcal/mol) and (B) HOMO-LUMO energy gap (Epg,

eV) changes before and after Fcy adsorption on the B,N;,.

Fig. 6. (A) The ESP-mapped molecular vdW surface, (B) HOMO, and (C) LUMO density distribution of B,N,-Fcy (n = 12, 16, 20, and 24).

larger S suggests higher reactivity of molecules [53-55]. After Fcy
adsorption, 5 of the B;N,-Fcy complexes are reduced and S values of
these complexes are increased, indicating a more reactive behavior of
B,Ny-Fey complexes than its original entities. Besides, 4 became more
negative and o were enlarged for all BN, -Fcy complexes, which dis-
closes the enhanced ability of B,Ny-Fcy complexes to gain an additional
electronic charge [17]. The dipole moment (DM) can reveal the distri-
bution and intensity of charges, thus making it a useful tool for evalu-
ating the solubility of nanostructures in polar media such as water. The
DM of pristine B,N,, nanocages is equal to zero due to their high sym-
metry, and the DM value of Fcy is 5.59 Debye. While after Fcy adsorp-
tion, the DM of B;Ny-Fcy complexes is dramatically enhanced to 11.78,
11.96, 12.01 and 12.16 Debye, respectively, implying the increased

polarity and better water solubility of these complexes, which is
consistent with results from the reactivity parameters. Overall, the
above outcomes reveal the formation of B,Nj-Fcy complexes would
improve the distribution of nanoclusters, thereby favorable for the drug
delivery in biological media.

3.3. Dynamic adsorption process of Fcy onto the B,N, nanocages

As a practical and robust method complementary to experimental
methods, MD simulations offer direct insight into the assembly process
and a clear understanding of the molecular interactions between
different components. Therefore, MD simulations were carried out to
study the adsorption process and adsorption capacity of Fcy on the
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The HOMO energies (Exomo, €V), LUMO energies (ELumo, €V), HOMO-LUMO energy gap (Epg, eV), reactivity parameters (y, #, S and w, in eV) and dipole moment (DM,
Debye) for Fcy, pristine B,N,, and B,N,-Fcy complexes calculated at B3LYP/6-311 G** level.

Compound Enowmo Erumo Epg u n S [ DM

Fey -6.35 -1.43 4.92 -3.89 2.46 0.20 3.08 5.59
B12Ni -7.93 -1.05 6.88 -4.49 3.44 0.15 2.93 0.00
B12Nj2-Fey -6.73 -2.58 4.15 -4.66 2.08 0.24 5.22 11.78
B16N16 -7.61 -1.25 6.36 -4.43 3.18 0.16 3.09 0.00
Bi6Np6-Fey -6.64 -2.61 4.03 -4.63 2.02 0.25 5.31 11.96
B2oN2g -7.72 -1.31 6.41 -4.52 3.21 0.16 3.18 0.00
BooNao-Fey -6.73 -2.67 4.05 -4.70 2.03 0.25 5.44 12.01
B24Noy -7.56 -1.06 6.50 -4.31 3.25 0.15 2.86 0.00
B24Nog-Fey -6.78 -2.61 4.17 -4.70 2.09 0.24 5.29 12.16

surface of BN, (n = 12, 16, 20, and 24) nanocages. Snapshots of the
B, Ny, systems before and after 20 ns simulations are pictured in Fig. 7. It
is can be found that the cage-like structures of B,N, were well main-
tained after a 20 ns simulation, suggesting the adopted force field is
applicable for the current system. Meanwhile, the initially randomly
distributed Fcy molecules were spontaneously adsorbed on the surface
of BNy, which indicates its potential as a drug carrier for Fcy. What'’s
more, different Fcy molecules are adsorbed on the surface of BN, in
different configurations (Fig. 7C). This reveals that in practical appli-
cations, drug molecules are not always adsorbed on the carrier in the
most stable configuration due to the interactions between different
components, such as drug molecules and solvents.

The radial distribution function (RDF) is widely applied to charac-
terize the intermolecular interactions as it can measure the probability
density of a particle appearing at a distance r from the reference atom.
Thus, to measure the interactions between B,N,, and Fcy, the g(r) of B-
N1 and B-O pairs were characterized and the results were illustrated in
Fig. 8. The g(r)pn1 and g(r)so exhibit a broad peak from

r = 0.27-5.0 nm, suggesting weak intermolecular interactions between
Fcy and B;N;,. Comparably, the g(r)p.n1 is relatively larger than the g(r)g.
0, implying the nanocages bind more to the N1 atom than the O atom of
the Fcy. Furthermore, the spatial distribution functions (SDF) of N1 and
O atoms in Fcy around BN, were plotted in Fig. 9 to give a perspective
on the spatial organization of Fcy. The N1 atom in Fcy are distributed
around the B atoms of B;Ny,, confirming the specific adsorption of Fcy on
B atoms. By comparison, O atoms are always randomly distributed
around the nanocage. All these results indicate the B---N bond dominates
the interaction between Fcy and BN, though Fcy molecules are adsor-
bed in different configurations, which is basically consistent with our
aforementioned DFT results. It’s also worth mentioning that with the
cage size increase, the N1 and O atoms are more widely distributed,
indicating more adsorption sites on the larger nanocage.

The number of Fcy molecules within the 3.5 A of BuN, (n =12, 16,
20, and 24) was counted to investigate the size effect on its adsorption
capacity. According to Fig. 10A, the number of Fcy molecules adsorbed
on the B;N,, surface slowly increased in the first 5 ns of simulation and

Fig. 7. Snapshots of (A) the initial structure, (B) the relaxed structure and (C) adsorption details for different B,N, nanocage adsorb Fcy in MD simulations.
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Fig. 8. Radial distribution function (RDF) spectra of B-N1 and B-O atom pairs for different B,N,, (n = 12, 16, 20, and 24) nanoclusters calculated from the last 10 ns

simulation trajectories.

Fig. 9. SDFs of (A) N1 and (B) O atoms from Fcy around different B,N, (n = 12, 16, 20, and 24) nanocages obtained from the simulation trajectories.

reached equilibrium after 5 ns. Based on the trajectory of the last 10 ns,
the average number of adsorbed molecules for BN, (n = 12, 16, 20, and
24) is calculated to be 7.4, 9.3, 11.1 and 12.7 (Fig. 10B), respectively. It
is reasonable that larger B,N,, have more adsorption sites and can adsorb
more molecules. After being normalized by the number of (BN);3 con-
tained in the molecular formula (e.g., B24N24 can be regarded as 2
(BN);2), the adsorption capacity of B,N, (n = 12, 16, 20, and 24) for Fcy

was computed to be 7.4, 7.0, 6.7 and 6.4, respectively, which suggests
the adsorption capacity of BN, decreases with the enlargement of the
nanocage. To inspect whether the above dependence is also true for
other types of drugs, the adsorption capacity of BN, (n =12, 16, 20,
and 24) nanocages for antiviral favipiravir (FPV) and anti-tuberculous
isoniazid (INH) drugs was also characterized using the same method.
Obviously, the changing rules of the B,N, size on the adsorption
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Fig. 10. (A) Evolution of the number of Fcy molecules within 3.5 A of B.N, (n =12, 16, 20, and 24) with simulation time; (B) averaged number of adsorbed Fcy
molecules calculated from the last 10 ns simulation trajectories; (C) the adsorption capacity of B,N, (n = 12, 16, 20, and 24) to Fcy, INH and FPV.

capacity of INH and FPV drugs are almost identical to that of Fcy
(Fig. 10C). Specifically, the adsorption capacity of BN, (n = 12, 16, 20,
and 24) for INH (FPV) was counted to be 8.4 (10.2), 7.4 (9.0), 6.5 (7.7)
and 5.8 (6.9), respectively. Consequently, the smaller BN, have rela-
tively larger adsorption capacity towards these three drugs, which may
attribute to their larger specific surface area. All these results support the
idea that the adsorption behavior of Fcy can be tailored by different
B,N, (n =12, 16, 20, and 24) nanocages, and suggest that the B,N;
(n =12, 16, 20, and 24) nanocage may act as superior carriers to deliver
the Fcy drug.

4. Conclusions

In this work, the adsorption behaviors of Fcy on the surfaces of
different zero-dimensional B,N,, (n = 12, 16, 20, and 24) materials were
systemically studied based on the DFT and classical MD. After charac-
terizing the structural and electronic properties of different of BNy
(n =12, 16, 20, and 24), it is found that the smaller B,N,, have a relative
larger specific surface area. The most stable adsorption configuration of
the Fcy molecule on different B,N;, nanocages (B,N,-Fcy) was obtained
to show the perfect complementarity between their EPSs. AIM analysis
further indicates that there exist partially covalent interactions and
electrostatic interactions between Fcy and BN, (n =12, 16, 20, and
24), and the partially covalent B---N bonds are the main force between
them. For different nanocages, the interaction energy between Fcy and
BNy, in both gas and aqueous phase decreases as the cage size increases.
Meanwhile, large reductions in the HOMO-LUMO energy gap were
observed for all B,N,-Fcy complexes after Fcy adsorption. Moreover, the
results from MD simulations once again demonstrate the B---N bond
dominates the interaction between Fcy and B,N, although Fcy

10

molecules adopt different adsorption configurations. It also shows that
the adsorption capacity of B,N;, decreases with the enlargement of B,N;,
nanocage. All these results suggest the adsorption behavior of Fcy can be
customized by selecting different zero-dimensional BN, (n =12, 16,
20, and 24) materials, which can thus serve as potential candidates for
Fcy drug delivery. Hopefully, the results here would provide meaningful
guidance for the development of B;Ny-based drug delivery systems.
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