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Based on density functional theory, the adsorption behavior of 5-fluorouracil (5-Fu) on B4g and its
derivatives has been explored. It was observed that 5-Fu prefers to combine with the corner boron atom
of the B4o cage via one of its oxygen atoms, forming a strong polar covalent B—O bond. The adsorption
energy of 5-Fu on B, was calculated to be —11.15 kcal mol™2, and thus, it can be duly released from B
by protonation in the slightly acidic environment of tumor tissue, which makes for reducing the toxic

Received 12th November 2021 . . . . . .
Accepted 3rd December 2021 and side effects of this drug. Additionally, the substituent and embedding effect of Mg, Al, Si, Mn, Cu, and
Zn atoms on the drug delivery performance of B4g have been also considered. We hope this work could

DOI: 10.1039/d1ra08308b offer some implications for the potential application of boron-based nanomaterials, such as B4 in drug
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1. Introduction

It is estimated that there will be more than 1.9 million new
cases of colorectal cancer (CRC) and it will lead to 0.93 million
deaths in 2020, representing about one in 10 cancer cases and
deaths." Since 5-fluorouracil (5-Fu) was discovered in 1957, it
has been widely used as a first-line therapy in colorectal cancer.?
As an analogue of uracil, 5-Fu interferes with nucleoside
metabolism during DNA and RNA metabolism to produce
cytotoxicity, leading to the death of tumor cells. Thus, this drug
has been extensively used in chemotherapy for treating colo-
rectal, liver, breast, pancreatic, gastric cancer, and squamous
cell carcinomas arising in the head and neck.*® Despite the
wide application of 5-Fu, its therapeutic value is also accom-
panied by increasing drug resistance and serious side effects,
such as myelotoxicity, neurotoxicity, and cardiotoxicity, etc.”
Therefore, several efforts have been devoted to enhance the
bioavailability of 5-Fu and reduce its side effects in the past
decades.*** Among them, the introduction of delivery carriers
has attracted great attention because it can effectively control
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the release of drug into diseased tissues, which can not only
reduce the drug toxicity but also improve the therapeutic effi-
ciency." For example, the adsorption of 5-Fu on the B3¢ nano-
sheet and metalloborospherenes has been detailedly
investigated by Shakerzadeh'** in recent years. Accordingly, it
is of great importance to explore more proper drug delivery
systems for the 5-Fu drug.

Among miscellaneous nanostructures, fullerene and its
derivatives are known as suitable candidates for drug delivery
owing to their high loading capability, less side effects, and high
efficiency to pass the cell membrane."*"” However, the biolog-
ical application of nanocarbon fullerene family is limited by
their inherent hydrophobic characteristics®® and possible
toxicity.” To overcome these disadvantages, tremendous
endeavors have been devoted to searching for novel water-
soluble fullerene-like carriers composed of non-carbon
elements, such as Mg,0,,***' B;N,,**** etc. More recently, an
intriguing all-boron fullerene B, was successfully synthesized
by Zhai et al.,>® which has been extensively used in many fields,
including gas sensing, hydrogen storage and separation appli-
cations and drug delivery.>*° Besides its unique physical and
chemical features, this intriguing B,, cage also possesses high
stability due to its double aromatic character.** Therefore, it is
expected that the By, and its derivatives could serve as a new
kind of drug delivery materials.

Inspired by the above information, the interaction between
5-Fu and B4, nanocage was systematically investigated by
density functional theory (DFT) calculations to study the
potential of B,, as a new drug delivery vehicle for 5-Fu in this
work. Our results show that 5-Fu is adsorbed on B4, by chemi-
sorption with the adsorption energy of —11.15 kcal mol .
Meanwhile, the drug can be easily released from the B,, surface

© 2021 The Author(s). Published by the Royal Society of Chemistry
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by protonation in the slightly acidic microenvironment of
tumor tissue, which denotes that B,, cage can be used as a nice
carrier to deliver the 5-Fu drug. Moreover, the adsorption
behavior of 5-Fu drug on M@B,, and B;oM (M = Mg, Al, Si, Mn,
Cu, and Zn) have been also examined to reveal the influence of
foreign atoms on the adsorption performance of By, for this
drug. These six foreign atoms were selected because they are
either harmless trace elements in human body or the commonly
used dopants in improving the performance of delivery
systems.'***® Due to the changes of electronic properties of
encapsulated M@B,, and substituted B;oM cages, it is believed
that such embedding and substituent strategies could be used
to regulate the drug adsorption on By, Hence, we hope this
work could not only provide a thorough understanding on the
drug delivery performance of By, and its derivatives, but also
offer some clues for seeking more effective boron-based nano-
materials to deliver antitumor drugs.

2. Computational details

The neutral geometric structures of 5-Fu, B4y, M@B,, and B;oM
as well as their complexes 5-Fu@B,o, 5-FU@[M®@B,], and 5-
Fu@B3oM (M = Mg, Al, Si, Cu, Mn, and Zn) with all real
frequencies were optimized by using the B3LYP method in
conjunction with the SDD effective core potential and corre-
sponding basis set for Cu, Mn, Zn atoms and 6-31G(d) basis set
for the other atoms. The functional B3LYP has been widely used
for studying boron clusters and was extensively used in many
reported works.*”?*®* By considering different spin states in
structural optimization, the quartet and quintet structures are
found to be the most stable configurations of Mn@B,, and
MnB;, cages as well as their complexes with 5-Fu, respectively
(see Table S1t), whereas the rest nanocages and their complexes
are all stabilized at the lowest spin state on their respective
potential energy surface (i.e., singlet states for closed shell
systems and doublet states for open shell systems). In this work,
the self-consistent reaction field (SCRF) with the solvation
model based on density (SMD)** was used to consider the
solvent effect of water and dispersion corrected DFT-D3 was
employed to consider the long-range interactions.*

The enthalpy change (AH) and Gibbs free energy change (AG)
for the adsorption of 5-Fu on these nanocages were computed
under 298 K and 1 atm at B3LYP-D3/6-31G(d)&SDD level. The
adsorption behaviors, electronic properties, and quantum
theory of atoms in molecule (QTAIM), localized molecular
orbitals (LMOs), and electron localization function (ELF) of
these studied complexes were systemically investigated at the
SMD-B3LYP-D3/6-311+G(d, p)&SDD level. The adsorption
energy (E.q) of 5-Fu drug on the surface of each nanocage was
calculated by the following equation,

— Espy + Epsse (V)

Ead = ES-Fu@cage - Enanocage

where Es pu@cager Fnanocage aNd Es.py are the electronic energies
of 5-Fu@cage complexes, nanocages, and 5-Fu, respectively.
The Egssg Was the basis set superposition error (BSSE) corrected
energies calculated by using the counterpoise method*' under
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the gas phase. Herein, E,q is approximately equal to the sum of
the interaction energy (Ei,), deformation energy (Eq.r),*> and
Egsse- Herein, the E;,; and Eg4.¢ are defined as,

Eim = ES-Fu@cage — Licage in complex — ES-Fu in complex (2]

Edcf = Ecdccl:%c + Eg:}lg = (Ecagc in complex — Ecagc)
+ (ES—Fu in complex — ES-Fu) (3)

in which Ecage in complex a0d E5.py in complex WET€ the energies of
nanocages and 5-Fu subunits based on their respective coordi-
nates in the optimized 5-Fu@cage complexes. Herein, the
natural bond orbital (NBO) calculations have been carried out at
SMD-M06-2X-D3/6-311+G(d, p)&SDD level, by which the second
order perturbation stabilization energy (E*)* is calculated as,

(Fy)’

E?=AE; = q;———
=g~ E)

(4)
in which E; and E; are diagonal elements (orbital energies), g; is
the donor orbital occupancy and the F;; is the off-diagonal NBO
Fock matrix element.

All the calculations were performed by using Gaussian 16
software.* Dimensional plots of molecular configurations,
electrostatic potential (ESP), and frontier molecular orbital
diagrams were generated with the GaussView program.** To
reveal the bonding nature of the linkage bonds between 5-Fu
and nanocages in the resulting 5-Fu@cage complexes, WBI,
QTAIM, LMOs, and ELF analyses were carried out by using
Multiwfn program package*® based on the output files from
Gaussian software.

3. Results and discussion
3.1 Adsorption of 5-Fu on By,

Firstly, the optimized geometric structures and electrostatic
potential (ESP) plots of 5-Fu and B,, are shown in Fig. 1. It is
observed from Fig. 1a that the lengths of N3-C6, C6-02, and
C6-N4 bonds are 1.392 A, 1.216 A, and 1.390 A, respectively,
which are in good agreement with the corresponding

5Fu

Fig. 1 (a) Optimized structures and (b) electrostatic potential (ESP)
plots of 5-Fu and By4o. The ESP values of several critical points are also
given in the ESP figures.
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experimental values of 1.408 A, 1.233 A, and 1.385 A.*” The good
consistency between the calculated parameters and corre-
sponding experimental values demonstrates that the method
and basis set used in this work are reliable.

As shown in Fig. 1b, the ESP plot of 5-Fu shows that the H
atom connected with N4 possesses the largest positive potential
of 78.09 kecal mol ™, while the negative electrostatic potentials
are mainly distributed around O1 and O2 atoms. This indicates
that the oxygen atoms of 5-Fu drug are more suitable for
nucleophilic attack, while its hydrogen atoms tend to attack the
electron-rich region. As for B, cluster, the heptagonal holes are
the reactive sites for electrophilic attack with ESP of
—5.60 kcal mol ™, whereas the corner sites with positive elec-
trostatic potentials of ca. 15.5 kcal mol ™" tend to be attacked by
the oxygen atoms of 5-Fu drug. Hence, different possible initial
configurations are considered by approaching the oxygen atoms
of 5-Fu drug to the surface region with positive ESP of B,, cage
to obtain the most stable structure of 5-Fu@B,,. After full
optimization, six low-lying isomers of 5-Fu@B,, complexes,
which are named A, B, C, ... according to their increasing
energies are presented in Fig. 2.

As implied in Fig. 2, among these six low-lying isomers, 5-Fu
always combines with B, via its oxygen atoms. To be specific, in
complexes A and C, the O2 atom of 5-Fu interact with the B25
atom of B,, cluster. Herein, the length of newly formed B-O
bond in isomer A is 1.552 A, which is a bit shorter than the
corresponding bond of 1.565 A for isomer C. This is because
that the H atom connected with N4 atom has the most positive
ESP value, and thereby, it is more likely to attack the hexagonal
holes of By, forming the most stable isomer A. As for isomers B
and F, 5-Fu is connected to B25 atom of By, via O1 atom.
Though the length of B-O bond (1.552 A) in isomer B is equal to
that in A, the isomer A is more stable by 1.80 kcal mol ' than
isomer B, indicating that B,, cage prefers to interact with the 02
site rather than the O1 atom of 5-Fu. Similar phenomenon is
also observed for 5-Fu adsorbed on the B,,N,, cage reported in
previous works.** Differently, isomer D is obtained by linking
O1 atom of 5-Fu drug to the B13 atom of B,,, while the isomer E
is formed by attaching O2 atom of drug to the B13 atom of B,,.
The newly formed B-O bonds in isomers D and E are 1.556 and
1.573 A, respectively.

In order to evaluate whether B,, cage could be used as a good
carrier for drug delivery of 5-Fu, the adsorption behavior of 5-Fu

- 0K

5%

A(E =10.00) B(E —130) C(E —349)
JH Ig::j E (E,, =5.76) F(Eﬁ,—ll.ls)

Fig. 2 Optimized geometries of low-lying 5-Fu@B4o complexes. The
lengths of newly formed bonds (in A) and zero-point energy (ZPE)-
corrected relative energies (E,, in kcal mol™Y) are also given.
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on By, has been analyzed on the basis of most stable isomer A of
5-Fu@B,,. Hereafter, 5-Fu@B,, always refers to its isomer A.
The adsorption energy (E.q), interaction energy (Ej,), defor-
mation energy (Eqef), enthalpy change (AH), and Gibbs free
energy change (AG) of 5-Fu@B,, are tabulated in Table 1. As
shown in Table 1, the adsorption energy of 5-Fu onto By, is
computed to be —11.15 kcal mol ', indicating that the
adsorption process is exothermic. The interaction energy
between 5-Fu and By, in the resulting 5-Fu@By Iis
—26.66 kcal mol™', which suggests that these two parts are
tightly combined together in this complex. Additionally, the AH
and AG values for the adsorption of 5-Fu on By, are both
negative, which denotes that the adsorption of 5-Fu on the
surface of By, cage is exothermic, and thus, it is thermody-
namically possible to form this complex.*

To gain insights into the nature of interactions between 5-Fu
and By, cage, the natural bonding analysis (NPA) charges on 5-
Fu as well as B/M and O atoms involved in the linkage bonds of
the most stable 5-Fu@B,, have been calculated by the NBO
calculations and shown in Table 1. As evidenced in Table 1, the
NPA charge on the drug (Qs.r,) is as large as 0.391|e|, which
implies that there is obvious charge transfer from 5-Fu to By,
during the adsorption process. It is reported that Wiberg bond
index (WBI) can be utilized to demonstrate the strength of the
covalent character of bond.**** Hence, based on NBO calcula-
tions, the WBI values have been obtained and listed in Table 2.
It is found that the WBI value of the newly formed B-O bond in
5-Fu@B,, is as large as 0.574, which is even larger than that of
B21-B24 bond (0.482) of B, in this complex, implying that the
interaction between 5-Fu and By, cage is quite strong. This can
be verified by the results of second order perturbation stabili-
zation energy (E°) related to the interaction between 5-Fu and
B, as shown in Table S2.1 From Table S2,7 it can be observed
that the E* values for interaction between the lone pair (LP) of
02 atom and LP* of B25 atom is as large as 359.57 kcal mol ',
which demonstrates that 5-Fu combines with B, via donating
the lone pair of O2 atom to the empty p orbital of B25 atom,
resulting in a B-O coordinate bond.

In addition, QTAIM®*>** is usually employed to characterize
the bonding nature by calculating the topological parameters,
including electron density (p;), Laplacian of electron density
(V?p,), the density of potential energy (V,), the density of kinetic
energy (G,) and the density of total energy (H,) at the bond
critical point (BCPs). Herein, the values of topological parame-
ters at the BCP of the newly formed B-O bond are tabulated in
Table 2. It is known that the strength of a chemical bond is
strongly correlated to the electron density (p,) at the BCP.*
Generally, the BCP of a bond with p, > 0.20 a.u. is defined as
covalent bonding, and if p, < 0.10 a.u., can be regarded as the
close-shell type, including ionic and van der Waals interac-
tions.** As illustrated in Table 2, the p, value of B-O bond is
0.119 a.u., which is slightly larger than 0.10 a.u. but is much
smaller than 0.20 a.u., implying that the B-O bond of 5-Fu@B,,
should be classified as a strong polar covalent bond with
obvious ionic characteristic. This can be proved by the fact that
B25 atom carries opposite NPA charge (0.189]e|) to that of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The adsorption energies (E,q, in kcal mol™Y), interaction energies (Ein, in kcal mol™Y), deformation energies (Eger, in kcal mol ™), the
changes in enthalpy (AH, in kcal mol™) and Gibbs free energy (AG, in kcal mol™) as well as the NPA charges on 5-Fu (Qs.f, in |e|) and the B/M
(gs/m. in |e]) and O atoms (go, in |e]) involved in the linkage bonds of the most stable 5-Fu@B4o, 5-Fu@[M@Baol, and 5-Fu@BzgM (M = Mg, AL, Si,

Mn, Cu, and Zn) complexes

Complexes Eaa Eint Eqer AH AG QS-Fu 98/™M qdo

5-Fu@B,o —11.15 —26.66 13.86 —20.06 —7.24 0.391 0.189 —0.611
5-Fu@[Mg@B.0) —15.65 —34.60 17.10 —25.46 —11.87 0.419 0.279 —0.599
5-FU@[Al@By0] —15.79 —33.22 15.61 —25.85 —13.25 0.427 0.307 —0.615
5-Fu@[Si@Byo) —11.97 —27.55 13.87 —20.81 —7.02 0.390 0.201 —0.613
5-FU@[Mn@By,) —13.60 —27.71 12.44 —18.63 —5.09 0.369 0.244 —0.647
5-Fu@[Cu@Byo] —15.01 —31.37 14.52 —23.83 —11.45 0.436 0.312 —0.620
5-FU@[Zn@By0] —12.38 —24.42 10.30 —15.77 —2.55 0.383 0.209 —0.616
5-Fu@B;oMg —22.49 —21.66 —2.23 —40.51 —29.68 0.150 1.522 —0.745
5-Fu@B;,Al —29.75 —35.44 4.34 —35.66 —23.14 0.212 1.718 —0.774
5-Fu@B;,Si —8.99 —24.27 13.83 —14.81 —2.25 0.390 0.261 —0.620
5-Fu@B;oMn —11.86 —8.63 —4.96 —23.20 —12.57 0.162 0.937 —0.684
5-Fu@B;oCu —13.12 —17.67 3.16 —13.54 —3.32 0.116 0.887 —0.735
5-Fu@B;¢Zn —12.29 —13.65 —0.05 —20.60 —9.05 0.147 1.558 —0.728

—0.611|e| on the O2 atom involved in the linkage B-O bond (see
Table 1).

It is reported that the bond should be covalent in nature
when the V?p, < 0 and H, < 0, and should be partially covalent if
V2p, > 0 and H, < 0.5 As a result, the formed B-O bond in 5-
Fu@B,, can also be confirmed to be partially covalent character
considering its BCP with V?p, > 0 and H; < 0. The polar covalent
bond characteristic of this linkage bond can be further verified
by its corresponding LMO, where the localized electrons mainly
located between the O2 and B25 atoms (see Fig. 3a). In addition,
as shown in Fig. 3a, the shared electron pair is mostly derived
from the 2p electrons of O2 in 5-Fu, which again rationalizes the
high polarity of this linkage bond between B,, and drug.*” This
can be also verified by the ELF figure of 5-Fu@B,o, where the
localized electrons between O2 and B25 atoms are closer to the
electronegative O atom (see Fig. 3b). Based on the above infor-
mation, it can be concluded that the formed B-O bond in the
most stable 5-Fu@Byo can be regarded as strongly polar cova-
lent bond.

To further investigate the ability of B,, cluster as a carrier to
deliver 5-Fu, the electronic properties, including the energies
(Eromo and Epuymo) of highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO),
HOMO-LUMO energy gap (E,), dipole moment (u), solvation
energies (Eso1), global hardness (n), and electrophilicity index
(w) of 5-Fu, B4, and 5-Fu@B,, are summarized in Table 3. It can
be observed that the E, of 2.90 eV for By, is slightly decreased to
2.66 eV for 5-Fu@B,, complex because the adsorption of 5-Fu on
B, significantly raises the HOMO level of B,, and slightly raises
its LUMO level. The change of HOMO and LUMO energy levels
can be clearly seen from the DOS plots for 5-Fu and B,, before
and after interaction in Fig. 4. Moreover, the disappearance of
the peak corresponding to the HOMO of 5-Fu at —6.97 eV in the
DOS of the resulting 5-Fu@B,, clearly demonstrates that this
drug indeed donates its electron densities to By, in this
complex, as mentioned above.

How to understand the variation of HOMO and LUMO levels
before and after the adsorption of 5-Fu on B,,? As shown in the
inset of Fig. 4, the uniformly distributed HOMO of B,, has been

Table 2 The Wiberg bond index and the topological parameters, including the electron density (p,, in a.u.), Laplacian of electron density (V2p,, in
a.u.), the density of potential energy (V,, in a.u.), the density of kinetic energy (G,, in a.u.), and the density of total energy (H,, in a.u.) at the BCPs for
the most stable 5-Fu@Bg4o, 5-Fu@[M@B40] and 5-Fu@BzgM (M = Mg, AL, Si, Mn, Cu, and Zn) complexes

Complexes Bonds WBI or V2p, G, Vv, H,
5-Fu@B,o B25-02 0.574 0.119 0.468 0.189 —0.262 —0.072
5—Fu@[Mg®B4o] B36-01 0.613 0.134 0.592 0.232 —0.315 —0.084
5-Fu@[Al@B4O] B26-01 0.635 0.148 0.685 0.267 —0.363 —0.096
5—Fu®[Si@B4O] B35-02 0.576 0.120 0.471 0.191 —0.265 —0.073
5-Fu@[Mn@B40] B7-02 0.585 0.122 0.494 0.198 —0.272 —0.074
5-Fu@[Cu@Bio] B25-01 0.648 0.157 0.714 0.284 ~0.390 ~0.106
5-Fu@[Zl’l@B40] B17-02 0.575 0.120 0.486 0.194 —0.267 —0.073
5-Fu@B;oMg Mg52-02 0.237 0.044 0.349 0.074 —0.061 0.013
5-Fu@B;0Al Al40-02 0.344 0.065 0.437 0.106 —0.103 0.003
5-Fu@B;oSi B17-02 0.592 0.119 0.506 0.197 —0.267 —0.070
5-Fu@B3;oMn Mn52-02 0.354 0.055 0.334 0.081 —0.078 0.002
5-Fu@B3,Cu Cu52-02 0.189 0.081 0.562 0.140 —0.140 0.000
5-Fu@B;9Zn Zn52-02 0.223 0.070 0.418 0.104 —0.102 0.001

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) LMO related to the B—-O bond in 5-Fu@B4o complex, in
which the percentage contribution of linkage atoms to LMO are also
listed; (b) ELF plot of 5-Fu@B4o complex.

Table 3 HOMO energies (Epomo, in eV), LUMO energies (E ymo, in
eV), HOMO-LUMO energy gap (Eg, in eV), global hardness (n, in eV),
electrophilicity index (w, in eV), dipole moment (u, in Debye), and
solvation energies (Ecq, in kcal mol™) of 5-Fu, B4o, 5-Fu@Bao, 5-Fu@
[M@B4ol, and 5-Fu@Bz9M (M = Mg, Al, Si, Mn, Cu, and Zn) complexes

Complexes Enomo Erumo Eg 7 w 14 Eso1

5-Fu —6.97 —-1.62 5.35 2.673 3.451 6.26 —14.75
Buo -5.72 -—2.82 290 1.449 6.284 0.00 —5.59
5-Fu@By, -5.39 -—-2.73 2.66 1.332 6.193 8.81 —18.82
5-Fu@Mg@By,] —3.96 —2.66 1.31 0.653 8.396 20.96 —38.49
5-Fu@[Al@By) —3.87 —2.85 1.02 0.508 11.121 20.59 —17.75
5-Fu@[Si@B,,] —4.54 —2.83 1.71 0.854 7.945 7.88 —18.40
5-Fu@Mn@By] —4.32 —2.72 1.60 0.799 14.889 8.08 —42.57
5-Fu@[Cu@Bs] —3.60 —2.92 0.68 0342 15.509 9.64 —31.73
5-Fu@[Zn@By,| —3.79 —2.66 1.13 0.567 9.173 7.77 —33.51
5-Fu@B; Mg —-4.99 -3.39 1.60 0.800 10.975 12.98 -—29.57
5-Fu@B;oAl —-5.41 -2.70 2.71 1.357 6.063 11.38 —21.11
5-Fu@B;,Si -5.39 -3.62 1.77 0.886 11.456 11.29 -—21.96
5-Fu@B3oMn —4.88 —2.82 2.06 1.028 7.208 18.26 —32.84
5-Fu@B;,Cu -5.26 —2.76 2.50 1.249 6.443 8.46 -—30.49
5-Fu@B39Zn —5.08 —3.43 1.65 0.826 10.967 11.89 —41.37

greatly redistributed to the side close to the adsorption position
of 5-Fu, which leads to the shift of the HOMO level of 5-Fu@B,,
to a higher energy level. As for the LUMO of 5-Fu@By,, the
electron cloud is symmetrically located on the B,, cage and the

— 5-Fu@B40
Bao

—5-Fu

Density of states
-

-4 2 0 4
Energy(eV)

Fig.4 DOS figure for 5-Fu, B4, and 5-Fu@B4o with HOMO and LUMO
orbitals (isovalue = 0.02 a.u.) of B4g and 5-Fu@B4o shown as inset.
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introduction of 5-Fu hardly affect the distribution of electron
cloud, and thus the LUMO level of 5-Fu@B,, has been only
slightly changed. As a result, the E, value of 5-Fu@B,, is a bit
smaller than that of B,,. Even so, the E; of 5-Fu@By,, is still
remarkably larger than that (1.57 eV) of experimentally
synthesized Cg,”® indicating that this drug delivery system is
stable enough to be transported in the biological environment.
To further study the stability of these studied complexes, the
chemical reactivity parameters, including hardness (n) and
electrophilicity index (w) were also calculated based on the
Koopman's theorem, which are defined as follows,>*=*

Erumo — Enomo
- =2y Ve 5
. ®
CP?

where CP represents electronic chemical potential, and can be

Enomo + Evumo
2
hardness (1) indicates resistance to electron cloud change of the

chemical system, the high values of hardness suggests that the
molecule is more stable or less reactive.®> As displayed in Table
3, the n value of 5-Fu@B,, is 1.332 eV, which is remarkably
higher than those of 0.486-0.503 eV for multiple sclerosis drug
adsorbed on Ni-doped graphene nanosheet,* and 0.210 eV for
5-Fu adsorbed on graphyne nanosheet,* suggesting that 5-
Fu@B,, still exhibit much higher chemical stability than those
reported drug delivery systems.®*** In addition, the w value of 5-
Fu@B,, is as large as 6.193 eV, which is even larger than that of
5.361 eV for the reported ciclopirox@Se-B;,N,,* implying that
5-Fu@B,, possesses a high stability to avoid the accumulation
in the biological systems.

From Table 3, it can be seen that the 5-Fu@B,, complex
exhibits much larger dipole moment of 8.81 debye than those of
6.26 and 0.00 debye for 5-Fu and B,,, respectively, which
suggests that the adsorption of 5-Fu molecule on B, cage
increases the polarity of the whole system, and thus, enhances
the solubility of the resulting 5-Fu@B,, in an aqueous
medium.® This can be proved by the larger solvation energy of
—18.82 kecal mol™* for 5-Fu@B,, than those of —14.75 and
—5.59 keal mol~* for 5-Fu and By, respectively, suggesting that
this complex is quite stable in aqueous environment.®®

Moreover, the release of 5-Fu from the B,, carrier in target
cells is another most vital step during the drug delivery process.
The pH-depended drug release mechanism has been proposed
by Hazrati and his colleagues in their theoretical work.*®
Considering that the intracellular environment of a malignant
cell has a lower pH (<6) than the normal cells (pH = 7.35-
7.45),% Shakerzadeh has applied this mechanism to prove
Na@B,, and Ca@B,, to be promising carriers for the delivery of
MP drug.®® Thereby, the influence of pH on the 5-Fu@B,,
complex is further examined by approaching a proton to the O2
atom of 5-Fu in 5-Fu@B,,. During the structural optimization,
as plotted in Fig. 5, the distance between the O2 and B25 atom
greatly increases from 1.552 A to 4.052 A. As a result, the
adsorption energy of 5-Fu@B,, sharply decreases from

calculated by CP = . Commonly, the global

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The optimization process for the protonation of 5-Fu drug
adsorbed on B4g cage. The illustrated structures correspond to the red
points and the distances (in A) between B25 and O2 atoms are also
given.

—11.15 kecal mol " to —5.41 kcal mol " in the slightly acidic
environment, reflecting that the interaction between 5-Fu and
B, cage is obviously weakened under the attack of a single
proton. Therefore, it is expected that 5-Fu drug can be easily
released from the B,, carrier in the tumor micro-environment.

3.2 Adsorption of 5-Fu on M@B,, (M = Mg, Al, Si, Mn, Cu,
and Zn)

As mentioned above, the B, cage is indeed capable of serving as
potential carrier of 5-Fu. Then, one interesting question
emerges: can the adsorption behavior of 5-Fu on this cage be
tuned by introducing various foreign atoms? To answer this
question, the influence of encapsulation of Mg, Al, Si, Mn, Cu,
and Zn atoms into By, cages on its adsorption behavior to 5-Fu
has been studied in this section. Firstly, the geometric struc-
tures of M@B,, (M = Mg, Al, Si, Mn, Cu, and Zn) were optimized
and the corresponding ESP plots have been given in Fig. S1.{ It
can be observed that the maximum positive potential values of
15.31-22.92 keal mol ™" for the encapsulated M@B,, cages are
mostly larger than that of 15.50 kcal mol ™" for By, cage. From
this point of view, it is speculated that the embedding effect of
Mg, Al, Si, Mn, Cu, and Zn atoms could make the B,, cage easier
to be attacked by the 5-Fu molecule.

By placing 5-Fu near to the site with the largest ESP of each
encapsulated cage, different initial configurations were con-
structed. After optimization, the most stable structures of 5-

5-Fu@[Mn@Bu]

5-Fu@[Cu@Bu] 5-Fu@[Zn@Bu)]

Fig. 6 Optimized geometries of the most stable 5-Fu@[M@B4o] (M =
Mg, AL, Si, Mn, Cu, and Zn) complexes. The lengths of newly formed
bonds (in A) are also given.
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Fu@[M®B,o] (M = Mg, Al, Si, Mn, Cu, and Zn) complexes are
displayed in Fig. 6. Herein, the 5-Fu@[Mg@B,o], 5-Fu@
[Al@B,0], and 5-Fu@[Cu@B,,] are obtained by linking the O1
atom of 5-Fu to the corner B atom of Mg@B,,, Al@B,,, and
Cu@By, while 5-Fu@[Si@Byo], 5-Fu@Mn@By], and 5-Fu@
[Zn@Byo] are formed by the combining this drug with the
Si@B49, MN@B,, and Zn@B,, cages via its O2 atom. In addi-
tion, the lengths of newly formed B-O bonds in 5-Fu@[M®@B,0]
complexes are in the range of 1.445-1.550 A, which are a bit
shorter than the corresponding linkage bond of 1.552 A for 5-
Fu@B,,. Thus, it can be inferred that 5-Fu could strongly
interact with these resulting M@B,, cages. This conclusion can
also be further supported by the fact that the interaction ener-
gies of —24.42 to —34.60 kcal mol™' for 5-Fu@[M@B4]
complexes are comparable to or a bit larger than that of
—26.66 kcal mol ™" for 5-Fu@Byo.

As shown in Table 1, the E,q values of these 5-Fu@
[M@B,,] complexes decrease in the order —15.79 kcal mol ™"
(5-Fu@[Al@Byo]) > —15.65 kcal mol™" (5-Fu@[Mg@By]) >
—15.01 kcal mol ™" (5-Fu@[Cu@B,,]) > —13.60 keal mol " (5-
Fu@[Mn@By]) > —12.38 kcal mol™" (5-Fu@[Zn@Byo]) >
—11.97 keal mol ™" (5-Fu@[Si@B4o]) > —11.15 kcal mol ™" (5-
Fu@B,,), which means that the adsorbency of 5-Fu drug on
such M@B,, cages is more favorable than that on the pristine
B,o. Besides, it is noted that the descending order of Ej; is
slightly different from the trend of adsorption energy. This
can be understood by the structural deformation of cages and
drug in these complexes, as reflected by the Eq.¢ in Table 1.
Additionally, it is observed that the AH and AG values of
these encapsulated 5-Fu@[M@B,,]| complexes are all nega-
tive, indicating that the adsorption of 5-Fu on M@B,, is
spontaneous and exothermic. It is worth noting that all of the
energetic properties of 5-Fu@[Si@B,,| are very similar to
those of 5-Fu@B,o, demonstrating that the encapsulation of
Si atom has little effect on 5-Fu@B.,.

Then, the NBO, WBI, QTAIM, LMOs, and ELF analyses have
been carried out to gain insight into the nature and strength of
the newly formed B-O bonds. Table 1 shows that the NPA
charges on the drug are all positive and the corresponding
values fall in the range of 0.369-0.436|¢|, exhibiting the strong
electron interaction between 5-Fu and M@B,,. This can also be
proved by the calculated E> values for the critical donor-
acceptor NBO interactions as listed in Table S2.7 It is found that
E® values corresponding to the interactions between LP of O
atom in drug and LP* of B atom in cage are as large as 188.53—
368.35 keal mol ', suggesting that the strong adsorption of 5-Fu
on M@B,, are originated from the newly formed B-O linkage
bonds. In addition, it is observed that the LP* of boron of
M@B,, always acts as the acceptor, which can rationalize the
above-mentioned positive charges (Qsp,) of 5-Fu in these
complexes.

As shown in Table 2, the WBI values (0.575-0.648) of B-O
bonds in 5-Fu@[M@B,,] are larger than that of 0.574 for the
corresponding B-O bond in 5-Fu@B,,, which implies that these
B-O linkage bonds has been enhanced to different degrees
upon introducing the foreign atoms. Similarly, these B-O bonds
formed in 5-Fu@[M®@B,,] complexes also show relatively larger
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p values (0.120-0.157 a.u.) than that of 0.119 a.u. for the B-O
bond in 5-Fu@B,,. This indicates that the former has more
obvious covalent characteristics than the latter. Additionally, all
the V?p, value at the BCPs of B-O bonds in 5-Fu@[M@B,,] are
much larger than zero, suggesting that these linkage bonds also
possess ionic characteristics. This can be supported by the fact
that the boron atoms involved in the linkage B-O bonds always
carry positive NPA charges (0.201-0.312]e|) while the O atoms
have the negative charges of —0.599|e| to —0.647|e|]. More
interestingly, the gz and go of 5-Fu@[M@B,,] are respectively
larger than those of 5-Fu@B,, indicating that there is stronger
electrostatic interaction between the B and O atoms involved in
the newly formed B-O bonds of 5-Fu@[M@B,,]. Even so, the
B-O bonds also possess partially covalent character considering
their negative H, values at the BCPs. The covalent characteris-
tics of these linkage bonds can be ensured by the LMOs of 5-
Fu@[M@®@B,] as depicted in Fig. S2.1 However, the percentage
contribution analysis reveals that the shared electron pair is
mostly derived from the oxygen atoms (69.2-71.0%) of 5-Fu,
reflecting the large polarity of these bonds. This can be further
verified by the ELF plots, where the localized electrons between
B and O atoms are closer to the O atom (see Fig. S37).

As compared with 5-Fu@B,o, the HOMO levels of 5-Fu@
[M@B,,] have been obviously raised by the encapsulation of
foreign atoms, resulting in their much smaller E, values (0.68-
1.71 eV) that that of 2.66 eV for 5-Fu@B,,. This can be attributed
to the fact that the electron clouds in these HOMO orbitals of 5-
Fu@[Cu@B,,] are mainly located around the introduced M
atoms (see Fig. S471), which makes such HOMO levels unstable.
The decrease of HOMO-LUMO gaps demonstrates that the
encapsulation of M atoms reduces the chemical stability of 5-
Fu@[M@B,,| complexes, which can be further proved by the
reactivity parameters. As shown in Table 3, the 5-Fu@[M@B,0]
complexes are more reactive and softer than 5-Fu@B,, because
the n value of 5-Fu@B,, is decreased from 1.332 eV to 0.342-
0.854 eV of 5-Fu@M@B,] Even though, it should be
mentioned that the smallest E, value of 0.68 eV for 5-Fu@
[Cu@B,] is still larger than that of 0.42 eV for the reported 5-Fu/
GpNS,* implying that these 5-Fu@[M@B,,] complexes are still
stable enough to be transported in a biological environment.

Moreover, as displayed in Table 3, the u values of 5-Fu@
[M@B,,] are 20.96, 20.59, 7.88, 8.08, 9.64, and 7.77 debye for M
= Mg, Al, Si, Mn, Cu, and Zn, respectively. Compared with 5-
Fu@B,,, the u values of 5-Fu@[Mg@B,o], 5-Fu@[Al@B,,], and
5-Fu@[Cu@B,,] are increased, indicating that the encapsula-
tion of Mg, Al, and Cu atoms will make their corresponding
complexes more soluble in polar solvents. Meanwhile, the
negative Eg, values show that these 5-Fu@[M@B,,] are stable in
the presence of water. Besides, the Eg, values (—31.73 to
—42.57 keal mol ™) of 5-Fu@[M@B,,] (M = Mg, Mn, Cu, and Zn)
are much larger than that (—18.82 kcal mol™") of 5-Fu@B,y,
suggesting that the solubility of this drug delivery system has
been improved by the encapsulation of Mg, Mn, Cu, and Zn
atoms into the B,, cage. Thus, it is believed that the encapsu-
lation of selected atoms can effectively modulate the interaction
between 5-Fu and B,,.
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3.3 Adsorption of 5-Fu on B3;oM (M = Mg, Al, Si, Mn, Cu, and
Zn)

In addition to the embedding effect, we also detect the
substituent effect of an exotic atom on the adsorption perfor-
mance of 5-Fu on By,. Herein, the most positive B25 atom of By,
was replaced with Mg, Al, Si, Mn, Cu, and Zn atoms, respec-
tively. As shown in Fig. S5,1 the substitution of Mg, Al, Mn, Cu,
or Zn atom for one boron atom poses a great effect on the ESP of
B0, whereas the introduction of Si atom hardly affects the ESP
distribution of B4, Based on the ESP plots, a lot of initial
configurations of 5-Fu@B3oM (M = Mg, Al, Si, Mn, Cu, and Zn)
have been constructed via approaching the nucleophilic sites of
5-Fu to the mostly positive sites, and the obtained global
minima have been depicted in Fig. 7.

As shown in Fig. 7, B;oM cages prefer to bind with the O2
atom of 5-Fu via M sites in the 5-Fu@B;oM (M = Mg, Al, Mn, Cu,
and Zn) because that these Mg, Al, Mn, Cu, and Zn sites have
large ESP values of 259.33, 45.21, 128.10, 81.72, and
149.72 kecal mol™", respectively. Differently, the 5-Fu@B;oSi
complex is formed by attaching the O2 atom of 5-Fu to the B17
atom of B3,Si cage because the Si site with negative ESP is not
conducive to be attacked by 5-Fu. Upon adsorption, the lengths
of M-O bonds in 5-Fu@B;oM (M = Mg, Al, Mn, Cu, and Zn)
complexes are 1.874-2.119 A, which are much longer than that
of 1.541 A for the B-O bond in 5-Fu@Bs;.Si. That can be
attributed to the fact that these M atoms have much larger
atomic radii of 2.17-2.42 A than that of 2.05 A for boron atom.®

As presented in Table 1, the E,q values of these 5-Fu@Bz;oM
complexes decrease in the order —29.75 keal mol " (5-Fu@B;,Al) >
—22.49 kcal mol ™' (5-Fu@BsMg) > —13.12 kecal mol ' (5-
Fu@B;0Cu) > —12.29 keal mol " (5-Fu@B;4Zn) > —11.86 keal mol
(5-Fu@B;oMn) > —11.15 kecal mol ™" (5-Fu@B,) > —8.99 keal mol "
(5-Fu@Bs,Si), indicating that the adsorbency of 5-Fu on B3oM cages
are more favorable than pristine B, except for B;oSi. However, it is
observed that these E;, values reduce in the trend
—35.44 keal mol ™" (5-Fu@Bs;sAl) > —26.66 keal mol ™ (5-Fu@B,) >
—24.27 keal mol " (5-Fu@B;,Si) > —21.66 kcal mol " (5-Fu@B;oMg)
> —17.67 kcal mol ™' (5-Fu@B;sCu) > —13.65 kcal mol " (5-
Fu@BsoZn) > —8.63 kecal mol™" (5-Fu@BssMn), which is a bit
different from the order of adsorption energy. This can be attributed
to complexes 5-Fu@B,, and 5-Fu@B;,Si show much larger defor-
mation energies than the other compounds. It is worth mentioning
that all the E,q, Ein, and Eqes values of 5-Fu@B3,Si are comparable to

9B

874 Mg @Mn

\9%1 ~k QA @Cu
@Si @zn

5 Fu@MgBu 5- Fu@Ale 5-Fu@SiBss
z L4
5- Fu@Man 5-Fu@CuBss 5-Fu@ZnBs»

Fig. 7 Optimized geometries of the most stable 5-Fu@BzgM (M = Mg,
Al Si, Mn, Cu, and Zn) complexes. The lengths of newly formed bonds
(in A) are also given.
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those of 5-Fu@B,,. This is because that, similar to 5-Fu@B,, 5-Fu is
also adsorbed on the B site rather than the Si site on B;oSi in 5-
Fu@B;,Si. Moreover, the adsorption of 5-Fu on the B;oM surface is
also spontaneous in view of the negative AH and AG values of 5-
Fu@Bs;oM.

From Table 1, it can be seen clearly that the total NPA
charges on the drugs in these 5-Fu@B3;oM complexes are in the
range of 0.116-0.390|e|. Amongst, only 5-Fu@Bs;,Si possesses
a comparable Qsp, value of 0.390|¢e| to that of 0.391|e| for 5-
Fu@B,,, whereas the rest 5-Fu@B;oM (M = Mg, Al, Mn, Cu, and
Zn) show much smaller Qs , values of 0.116-0.212|e| than those
of 0.369-0.436/e| for 5-Fu@B,, and 5-Fu@[M@B,,] (M = Mg, Al,
Si, Mn, Cu, and Zn). This clear demonstrates that the electron
transfer from 5-Fu to the substituted B;oM cages is weakened in
these 5-Fu@B;oM complexes except for 5-Fu@B;oSi. Similar
phenomenon has been also observed for the E> results related to
the interaction between 5-Fu and B3;oM cages. As shown in Table
S2,1 the E* values corresponding to the interaction between the
LP of 02 atom and LP* of M atoms for 5-Fu@B;oM (M = Mg, Al,
Mn, Cu, and Zn) are 8.89-79.96 kcal mol ', which are much
smaller than those of 188.53-368.35 kecal mol™" corresponding
to the interaction between LP of O atom in drug and LP* of B
atom in the cages for 5-Fu@B;oSi, 5-Fu@B4, and 5-Fu@
[M@B,,]. Even so, the LP of oxygen atoms in 5-Fu always plays
arole as electron donor, which further verifies the positive Qs.r,
values.

From Table 2, it can be seen clearly that the WBI values of
0.237, 0.344, 0.354, 0.189, and 0.223 for Mg-0, Al-O, Mn-O, Cu-
0, and Zn-O bonds in 5-Fu@Bz;oM complexes are all lower than
that of 0.574 for B-O in 5-Fu@B,,. These results show that, as
compared with 5-Fu@B,,, the covalency of these M-O linkage
bonds is reduced to different degrees upon the introduction
of M atom. In contrast, the calculated WBI value of 0.592 for
B-O bond in 5-Fu@B;,Si is slightly larger than that of B-O in 5-
Fu@B,,. Resultantly, only the p, value of 5-Fu@B;,Si is larger
than 0.10 a.u., whereas the formed M-O bonds in rest 5-
Fu@B3;oM (M = Mg, Al, Mn, Cu, and Zn) complexes possess
quite small p, values of 0.044-0.081 a.u. at the BCPs. This
phenomenon indicates that the M-O bonds in 5-Fu@B3zoM (M =
Mg, Al, Mn, Cu, and Zn) possess more obvious ionic charac-
teristics than the B-O bond in 5-Fu@B;,Si, which is reasonable
considering the metallic identities of M atoms. This can be
confirmed by the fact that the B-O bond in 5-Fu@B;oSi
possesses negative H; of —0.070 a.u., whereas the H, values for
the M-O bonds in 5-Fu@B;oM are larger than zero. However, all
these linkage bonds exhibit certain ionic characteristics
because their V?p, are always larger than zero. This can be
confirmed by the truth that the M/B atoms at the adsorbed sites
carry positive NPA charge of 0.261-1.718|e| while the O2 atoms
have negative charges of —0.620 to —0.774|e|.

In addition, the covalent characteristics of M/B-O bonds can
be further verified by the LMOs of 5-Fu@B3oM (M = Mg, Al, Si,
Mn, Cu, and Zn) as shown in Fig. S6.T The contribution analysis
reveals that the shared electron pair is mostly derived from the
oxygen atoms (71.2-81.7%) of 5-Fu drug, resulting in the large
polarity of these bonds. The differences in contribution (62.5-
72.4%) from M and O atoms to the shared localized electrons
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are much larger than that from B and O atoms (51.0%), indi-
cating that the M-O bonds of 5-Fu@B;oM (M = Mg, Al, Mn, Cu,
and Zn) possess relatively larger polarity than the B-O bond of 5-
Fu@B;,Si. Similarly, the dark blue gaps between M and O atoms
in 5-Fu@B3oM (M = Mg, Al, Mn, Cu, and Zn) are more obvious
than that between B and O atom in 5-Fu@B3,Si, as shown in the
ELF plots in Fig. S7.1

Table 3 also lists the electronic properties of 5-Fu@B;oM. It
is observed that the HOMO-LUMO gaps of these 5-Fu@Bz;oM (M
= Mg, Al, Si, Mn, Cu, and Zn) complexes are as large as 1.60-
2.71 eV, indicating that these systems are quite stable. From
Fig. S8,1 it is found that the electron clouds in HOMO and
LUMO orbitals of 5-Fu@B;oM (M = Mg, Al, Si, Mn, Cu, and Zn)
complexes are mainly located on the B3;oM cages, which is
similar to the orbital distributions of 5-Fu@B,,. Herein, the E,
value of 2.71 eV for 5-Fu@B;.Al is even larger than that of
2.66 eV for 5-Fu@B,, implying that 5-Fu@B;.Al complex have
slightly higher chemical stability than 5-Fu@B,. Moreover,
from Table 3, it can be seen that the E, and 7 values of 5-
Fu@B;oM are generally larger than those of 5-Fu@[M®B,],
which suggests that 5-Fu@Bz;oM may serve as the better drug
delivery systems than 5-Fu@M@B,].

From Table 3, it is found that 5-Fu@B;,M also have
considerable u values of 8.46-18.26 debye, most of which are
even higher than that of 8.81 debye for 5-Fu@B,,, indicating
that these 5-Fu@B;oM complexes also exhibit certain polarity.
Furthermore, E,, values of —21.11 to —41.37 kcal mol " for 5-
Fu@B;oM are larger than that of —18.82 kcal mol ™" for 5-
Fu@B,,, demonstrating that the introduction of foreign atoms
has substantially enlarged the solubility of 5-Fu@B,,. There-
fore, it can be concluded that substituting an exogenous atom
for a boron atom of B,, can modulate the interaction between
B, and 5-Fu, as well as the stability and solubility of the
resulting complexes, which could provide an effective strategy
to tune the drug delivery performance of such nanocages.

4. Conclusions

In this work, DFT calculations have been performed to investi-
gate the interaction between B,, with 5-Fu drug to examine the
ability of By, to serve as a novel delivery vehicle for antitumor
drug. The results show that 5-Fu is adsorbed on By, cage by
chemisorption with adsorption energy of —11.15 kcal mol . In
particular, under the proton attack, 5-Fu drug can be easily
separated from the B,, surface and delivered to the target cells,
and thus the pristine B,, can act as a suitable carrier for 5-Fu
drug. Subsequently, the embedding and substituent effects of
Mg, Al, Si, Mn, Cu, and Zn atoms on the drug delivery perfor-
mance of By, are considered. The calculated results demon-
strate that 5-Fu tends to combine with B;oM or M@B,, (M = Mg,
Al, Si, Mn, Cu, and Zn) cages via its oxygen atom with the
adsorption energies of —8.99 to —29.75 kcal mol . Meanwhile,
the NBO, AIM, LMO, and ELF analyses reveal that these newly
formed B-O and M-O (M = Mg, Al, Mn, Cu, and Zn) linkage
bonds can be regarded as strongly polar covalent bonds, and the
M-O bonds exhibit more ionic components than B-O bonds.
Therefore, the encapsulation and substitution of foreign atoms
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can be regarded as two effective strategies to control the inter-
action between 5-Fu and B,,. We hope that this study could not
only provide a useful reference on the interaction between
antitumor drug and boron nanocages, but also encourage more
experimental attempts to select appropriate boron-based
nanomaterials for practical trials of drug delivery.
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