- QA

A4
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

A Comparative DFT Investigation of the Adsorption of
Temozolomide Anticancer Drug over Beryllium Oxide and Boron
Nitride Nanocarriers

Mahmoud A. A. Ibrahim,* Al-Shimaa S. M. Rady, Peter A. Sidhom, Shaban R. M. Sayed,
Khalid Elfaki Ibrahim, Ahmed M. Awad, Tamer Shoeib,* and Lamiaa A. Mohamed

Cite This: ACS Omega 2024, 9, 25203-25214 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | Q Supporting Information

ABSTRACT: Herein, attempts were made to explore the adsorption prospective of
beryllium oxide (Be;;O;,) and boron nitride (B;,N;,) nanocarriers toward the
temozolomide (TMZ) anticancer drug. A systematic investigation of the TMZ adsorption
over nanocarriers was performed by using quantum chemical density functional theory
(DFT). The favorability of Be;,0;, and B,N;, nanocarriers toward loading TMZ was
investigated through A<D configurations. Substantial energetic features of the proposed
configurations were confirmed by negative adsorption (E,4,) energy values of up to —30.47
and —26.94 kcal/mol for TMZeeeBe ,0,, and eeeB,N,, complexes within configuration
A, respectively. As per SAPT results, the dominant contribution beyond the studied "
adsorptions was found for the electrostatic forces (E, = —100.21 and —63.60 kcal/mol for omeer Gl
TMZeeeB )N, and eeeBe ,0,, complexes within configuration A, respectively). As a
result of TMZ adsorption, changes in the energy of molecular orbitals followed by
alterations in global reactivity descriptors were observed. Various intermolecular
interactions within the studied complexes were assessed by QTAIM analysis. Notably, a favorable adsorption process was also

observed under the effect of water with adsorption energy (E:é’ivem) reaching —28.05 and —22.26 kcal/mol for TMZeeeB,N , and
eeeBe ,0,, complexes within configuration A, respectively. The drug adsorption efficiency of the studied nanocarriers was further
examined by analyzing the IR and Raman spectra. From a sustained drug delivery point of view, the release pattern of TMZ from the
nanocarrier surface was investigated by recovery time calculations. Additionally, the significant role of doping by heavy atoms (i.e.,
MgBe,;;0y, and AIB;;N,) on the favorability of TMZ adsorption was investigated and compared to pure analogs (i.e., Be;;0;, and
Bj,Ny,). The obtained data from thermodynamic calculations highlighted that the adsorption process over pure and doped
nanocarriers was spontaneous and exothermic. The emerging findings provide a theoretical base for future works related to
nanocarrier applications in the drug delivery process, especially for the TMZ anticancer drug.

B INTRODUCTION attention due to their unique properties related to the ionic
Nanotechnology, first proposed in 1965, has piqued significant character of metal oxide bonds."” According to the literature,
interest due to its applications in various life sectors.' " With the adsorption performance of metal oxides toward various
the advent of nanotechnology, numerous strategies have been drugs was investigated."® For instance, the favorable adsorption
introduced toward targeted drug delivery processes.””’ process of favipiravir over metal oxides was conducted using
Consequently, nanoscale materials (i.e, nanocarriers) have DFT calculations.” As potent drug delivery systems, the

been applied as targeted and controlled drug delivery
systems.”” Nanocarriers are characterized as one of the
foremost promising drug delivery systems with boundless
possibilities. Nanocarriers are anticipated to enhance the
solubility of drugs within the body.'”'" Due to their small size,
nanocarriers are able to easily penetrate the cell barrier and

adsorption process of isoniazid anticancer drug over metal
oxides was elucidated.”® Of interest, Be;,O;, was proposed to
be thermally stable, promoting its application as a drug delivery

21,22
system for several drugs.””

deliver drugs in significant concentration.'> Besides, nano- Received: March 25, 2024
carriers show promising properties such as good biocompat- Revised: ~ May 14, 2024
ibility and high drug-loading capacity.'”'* Fullerene and Accepted:  May 17, 2024

fullerene-like nanocarriers have theoretically been applied in Published: May 30, 2024

the drug delivery process.'”'® Indeed, symmetrical metal
oxides (i.e., Mg,0},, Be;,0},, and Zn;;0,,) have attracted
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On the contrary, boron nitride (B,N, where «x identifies the
number of B and N atoms) nanocarriers have exceptional
features permitting their use in the drug delivery process.””**
Notably, B,N, nanocarriers have been reported to be nontoxic,
leading them to be suitable for biomedical applications.”
Among BN, structures, B;,N, was introduced as a prominent
nanocarrier and applied in the drug delivery process.”® By
means of DFT, B;,N;, was widely examined as a potent
delivery system for anticancer and anti—COVID-19
drugs.”’ >’

The adsorption properties of nanocarriers could be changed
by means of the doping process.’” In this respect, doping
foreign atoms to nanocarriers substantially enhanced the
adsorption potential.’** In more detail, the applicability of
B,N,, and Al- and Ga-doped B,,N,, nanocarriers in the
delivery process for lomustine anticancer drug was inves-
tigated, demonstrating that the Al-doped B,,N,, is the most
preferable system.” In this regard, the tendency of B;,N, as
well as AlB;;N,;, and GaB;;N,, nanocarriers toward 5-
aminosalicylic Acid (5-ASA) drug adsorption was examined,
ensuring the enhancing role of the doped nanocarriers.”* On
the basis of DFT calculations, the favorable role of the
AIB| N}, nanocarrier in the delivery process of chlormethine
(CM) anticancer drug was demonstrated.”

Temozolomide (TMZ) is an oral chemotherapeutic agent
with the molecular formula of C¢HgN4O,.** TMZ was
approved for treating anaplastic astrocytoma and gliomas
(brain tumors).”” However, TMZ has many side effects,
including nausea, headaches, and rashes. Essentially, the side
effects of drugs can be minimized by applying nanocarriers that
deliver drugs with specific concentrations to a limited number
of cells without affecting other cells. In that spirit, the drug
delivery process for TMZ was investigated by employing
fullerene-like nanocarriers.”®*’

According to the literature, the potential of Be;;,Oy, as a
drug delivery system for TMZ anticancer drugs has not been
reported yet. Thus, the tendency of Be,0,, toward adsorbing
TMZ anticancer drug was thoroughly elucidated and
comparatively addressed with the B,N;, analog for the first
time. Toward addressing the occurrence and favorability of the
adsorption process, TMZeoeoeoBe,0,, and eeeB,N,, com-
plexes were examined within different orientations (see Figure
1). Subsequently, geometrical optimization and frequency
calculations were performed, followed by electrostatic potential
(ESP) analysis. Furthermore, symmetry-adapted perturbation
theory (SAPT) and noncovalent interaction (NCI) index,
along with quantum theory of atoms in molecules (QTAIM),
were analyzed. From an electronic perspective, frontier
molecular orbital (FMO) theory was applied, and global
reactivity descriptors were calculated. To further illustrate this,
infrared (IR) spectra, conjointly with Raman, were extracted
for the studied nanocarriers before and after TMZ adsorption.
The drug desorption was simulated by calculating the recovery
time for the studied complexes. Furthermore, the role of the
doping strategy in the adsorption process was evaluated by
studying the TMZeeeMgBe,;O;, and eeeAlB, N, com-
plexes. The current work aims to introduce an effective
nanocarrier with potential applications in the drug delivery
process, specifically for the TMZ anticancer drug.

B COMPUTATIONAL METHODS

In the context of quantum chemical calculations, Be;;,O,, and
B,N}, nanocarriers were comparatively examined to adsorb

Figure 1. Illustration showing the adsorption of the temozolomide
(TMZ) anticancer drug with Be;O;, and B;,N|, nanocarriers within
four orientations labeled from A to D.

the TMZ anticancer drug. Within the framework of Gaussian
09,* the DFT/M06-2X method in tandem with 6—311+G**
basis set’' was applied for all performed calculations. Initially,
geometrical optimization was performed for the TMZ,
Be;0y,, and Bj;Nj, molecular structures. Following that,
frequency calculations were executed to confirm that the
optimized geometries are true minima. According to the
geometries obtained, an electrostatic potential (ESP) analysis
was performed to illustrate the different potentials over the
molecular surfaces. A detailed illustration from ESP was given
by generating the maps of molecular electrostatic potential
(MEP), at an electron density envelope of 0.002 au.”* By using
Multiwfn 3.7 software,** the numerical description of MEP
maps was obtained by means of electrostatic potential extrema
(Vomax/min) values. Toward the drug-loading process, the
TMZeeeBe,0,, and eeeB,N;, complexes were examined
through various configurations (see Figure 1). All studied
geometries were optimized at the M06—2X/6—311+G** level
of theory. Based on the most stable structures, the doping
process by Mg and Al atoms was applied to Be;,0,, and
B|,N,, nanocarriers, forming TMZeeeMgBe, O, and
eeeAlB, N, complexes, respectively. For proficient adsorp-
tion within the optimized complexes, adsorption (E,4)
energies were calculated. Within the realm of energy
calculations, the counterpoise procedure (CC), advocated by
Boys and Bernardi,** was taken into account to remove the
basis set superposition error (BSSE), as follows:

Eads = ETMananocarrier - (ETMZ + Enanocarrier) + EBSSE

(1)

https://doi.org/10.1021/acsomega.4c02882
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where the energies of studied complexes, isolated TMZ, and
isolated nanocarriers were represented by
ETMZcoonanocarrier)ETMZ) and Enanocarrien reSPeCtiveIY‘

To glean an insightful perspective on the contribution of
physical forces within the adsorption process, symmetry-
adapted perturbation theory (SAPT) analysis was employed.
SAPT analysis was performed with the help of PSI4 package*
at the SAPTO level. Accordingly, total SAPTO and its four
physical components—namely, electrostatic, dispersion, in-
duction, and exchange were calculated as follows:

ESMT = E .+ Egp + Eing t Eexen (2)
where:

Egy = EGY (3)

Edisp = Ec(uzsg) + Ee()%co}z—disp 4)

Epa = Ei(nch)resp + Ee(fcoh)—ind, resp T 5E£12F) resp (5)

Eoar = B ©)

where ESAPTO E_ Egigpr Eingy and Eq, identify total SAPTO,
electrostatic, dispersion, induction, and exchange, respectively.
For insightful bonding features among the considered systems,
the quantum theory of atoms in molecules (QTAIM)
combined with noncovalent interaction (NCI) index analyses
were conducted. From QTAIM descriptions, bond paths (BPs)
and bond critical points (BCPs) were generated between the
interacted systems. Meanwhile, topological parameters such as
electron density (pp), kinetic electron density (G,), total
energy density (H,), local potential electron energy density
(Vp), Laplacian (V?p,), and the negative ratio of kinetic and
potential electron energy density (—G,/V,,) were calculated.
Inspired by NCI, 3D diagrams were generated and displayed
with colored scale according to (4,)p values from —0.035 au
(blue) to 0.020 au (red). Indeed, QTAIM and NCI analyses
were performed using Multiwfn 3.7 software.*’ Furthermore,
the visualization was conducted by the Visual Molecular
Dynamics (VMD) program.*®

By means of electronic properties, the investigated
adsorption process was examined from a frontier molecular
orbitals (FMO) theory point of view. In the essence of FMOs,
the patterns of molecular orbitals containing the highest-
occupied molecular orbital (HOMO) and lowest-unoccupied
molecular orbital (LUMO) were mapped, and their energies
were estimated. Consequently, the LUMO—HOMO energy
gap (Eg,) and the Fermi level (Eg) energies were calculated
based on the Eyoyo and Ejyyo energies, as shown in the
following equations:

E;p = ELumo — Enomo (7)

E —E

Egy = Eyopo + —22MO : HOMO ©

From the Eyono and Ejyyo values, molecular reactivity
indicators were calculated for TMZ, nanocarriers, and
complexes. Consequently, the ionization potential (IP),
electron affinity (EA), global hardness (77), global softness
(S), electrophilicity index (), chemical potential (), and
work function (®) parameters can be calculated as follows:

IP = —Eyomo 9)

EA = —E ymo (10)
y = Eiumo — Enomo
2 (11)
1
s= =
n (12)
oot
2n (13)
= Erymo + Enomo
2 (14)
D= Vir(+o0) = EmL (15)

Within eq 15, the V,; (+00) characterizes the vacuum-level
electrostatic potential (where V,(+00) ~ 0). From another
avenue, the favorable adsorbing behavior of the investigated
nanocarriers was examined using electrical conductivity (o)
that can be calculated as follows:

—E
ocaExp =
kT (16)

As described above, the energy gap is represented by E,,,
the temperature is termed by T, and the Boltzmann’s constant
is defined by k. Toward a descriptive electronic glance, the
plots of the density of states (TDOS and PDOS) were
visualized with the help of GaussSum software.”” Moreover,
the adsorption process was examined in the presence of a water
solvent by applying the polarizable continuum model (PCM).
Considering the PCM method, the structures under inves-

tigation were optimized at a level of theory similar to that in
solvent

the gas state. Thence, the adsorption (Ej3, ") energies were
calculated for all considered complexes in the water. In the
scope of the total energies, solvation (AE,,,) energies were
computed, as explained in the following formula:

AEsolv = Esolvent - Egas (17)

where Ej,e, and Eg,, represent the total energy in the solvent
phase and gas phase, respectively. Moreover, the interactions
within the studied complexes were examined by means of
thermodynamic parameters. Gibbs free energy (AG), enthalpy
(AH), and entropy (AS) were calculated by the following
equations:

AM = MTMZ~~-nan0carrier - (MTMZ + Mnanocarrier) + EBSSE
(18)

AS = —(AG — AH)/T (19)

As explained in the above formula, AM refers to the AG and
AH energies for the optimized complexes. Besides,
MTMZooonanocarrier! MTMZ) and Mnanocarrier define the G/H
parameters of the optimized complexes, TMZ, and nano-
carriers, respectively. Finally, the tendency of TMZ to separate
from nanocarriers was elucidated by recovery time (1)
calculation as follows:

t = v 'exp(—AG/KT) (20)

The attempt frequency (107 s7') and Boltzmann’s
constant (0.00199 kcal/molK) are given as v~ and k,
respectively.”® The temperature is represented by T with
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values of 298.15 (in the room), 310.15 (for the human body),
and 315.15 K (for cancer cells).

B RESULTS AND DISCUSSION

ESP Analysis. Electrostatic potential (ESP) is straightfor-
ward in predicting the preferred adsorption sites for the drug
delivery process.”” ESP analysis was conducted for TMZ,
Be,0,,, and B};N,, optimized structures. Molecular electro-
static potential (MEP) surfaces were then plotted and
supported by the V, . and V., values (kcal/mol), as
presented in Figure 2.

TMZ Vomin (N) ==18.3 Vi min (0) =-25.4
Vimin (0) ==56.6 Vi min (N) ==24.2
Be2012 d=1524 Vi,max (Be) = 110.6

P

i

e

N

0=124.56

Bi2N1i2 d=1.44A Vemax (B) = 50.7

Vsmin (N) =-16.8

001 D n .0

Figure 2. An overview showing the optimum geometries for TMZ,
Be;,0,,, and B,N|, systems combined with MEP maps with color
scale (from —0.01 (red) to +0.01 (blue) au) and the calculated V, ../
Vimin values (kcal/mol).

Figure 2 depicts the geometrical structures of optimized
Be,0,;, and Bj;N},, comprising eight hexagonal and six
tetragonal rings. In this regard, it was found that Be—O (B—N)
bond lengths exhibited 1.52 (1.44) A and 1.57 (1.48) A
between 6-6 and 6—4 membered rings, respectively. Notably,
the obtained Be—O and B—N bond lengths were endorsed by
previous studies.'®*’

According to the relevant MEP maps, various charge
accumulation sites (i.e., red regions) were observed along the
molecular surface of the TMZ. Identifying these red regions,
negative V, ., values were observed, ranging from —18.3 to
—56.6 kcal/mol. Besides, substantial electron depletion regions
(i.e., blue regions) were noticed for Be and B atoms in Be,,0;,
and B,N}, nanocarriers, which were numerically found with
Vimax values of 110.6 and 50.7 kcal/mol, respectively.
According to these observations, a favorable drug adsorption
process could be predicted between the TMZ drug and the
selected nanocarriers through different adsorption sites.

Adsorption Process. The promising drug-loading pro-
spective of Be;,0,, and B,N}, nanocarriers toward the TMZ

drug was investigated. As a consequence, geometrical
optimization was performed for configuration A<D. The
optimized structures for the most favorable configurations are
depicted in Figure 3. From an energy perspective, adsorption
(E.gs) energy values were computed and are collected in Table
1.

3 : . , TMZ:+Be;2012 .
9% Y, [ S 2 ° 5
L 99,0 - 94 L 2 09
o 079799, 39% 49 30 4
d:LﬁA: d=L7‘A‘,.'.“ a=1m24 @ “‘?‘ a-1574 9@ : hd
o 'l 9 -
o 9 9 9 el
LY Yy gty
< % /
& [ =¥ ‘t—}
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‘ 3,
‘J

, TMZBiNiz
?
? L]
.'* : 9 ‘.‘. )
29 90 90 J“‘
a=1.624® 9@ 2 4-1751 80 ® ?

9

| W 0.01

Figure 3. Optimized TMZeeenanocarrier complexes and MEP maps
with color scale —0.01 au (red) to +0.01 au (blue) for configurations
A©D. The separation distances (d) are in A.

Table 1. Adsorption Energy (E,q, kcal/mol) and Minimum
Distances (d, A) for the Optimized TMZeeeNanocarrier
Complexes

complex configuration d E g
TMZeeeBe,0,, A 1.66 —-30.47
B 1.77 —26.67
C 1.72 —18.26
D 1.87 —15.12
TMZeeeB,N;, A 1.54 —26.94
B 1.62 —24.72
C 1.62 —11.12
D 1.75 —9.76

As listed in Table 1, the absorption of TMZ over the
surfaces of Be|,0,, and B,N, was verified through substantial
E,4 values. The adsorption process within TMZeeeBe ,0,,
and eeeB,N,, complexes was further ensured through short
adsorption distances from 1.87 to 1.54 A (see Figure 3 and
Table 1). Numerically, configuration A had energetic values
higher than those of the others, and the overall E 4 values
decreased in the following order: A > B > C > D. By
considering all investigated complexes, TMZeoeo®Be ,O,,
complexes exhibited more negative E 4 values compared to
TMZeeeB,N, counterparts. For instance, configuration A
had E,4 values of —30.47 and —26.94 kcal/mol for the
TMZeeeBe,0,, and eeeB,N,, complexes, respectively. The
preferential adsorbing ability of the Be;;,O;, nanocarrier could
be attributed to the higher electrophilic and nucleophilic

https://doi.org/10.1021/acsomega.4c02882
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Table 2. Obtained Values of Total SAPTO (E**"™), Electrostatic (E,), Dispersion (Eg,), Induction (E,,), and Exchange

(Eexen) Energies (kcal/mol) for the Optimized Complexes

complex configuration ESAPTO Eqq Egigp Eig Eovcn
TMZeeeBe,,0,, A —46.86 —63.60 —12.74 ~30.70 60.19
B —-38.76 —61.76 —-16.19 —24.77 63.96
C -30.07 —40.17 —14.43 —21.08 45.60
D —-21.77 —32.84 —13.44 —-17.17 41.69
TMZeeeB,,N,, A -50.93 —100.21 —24.73 —65.59 139.60
B —41.31 —104.62 —30.34 —-53.73 147.37
C —32.86 —68.08 —25.79 —48.47 109.49
D —23.51 —60.97 —25.16 —39.37 102.00

nature of the Be and O atoms in Be,,O,, compared to the B . TMZ:+Be2012

and N atoms in B},N,,, respectively (see ESP results). Overall,
substantial energy values affirmed the favorability of the
investigated adsorption process, where Be;,0,, and B,N|,
could be potent nanocarriers for the TMZ drug delivery
process.

SAPT Calculations. In an attempt to reliably estimate the
specific contribution of physical forces within the
TMZeeeBe,0,, and eeeB,N,, complexes, symmetry-
adapted perturbation theory (SAPT) analysis was applied.
For the investigated complexes, the total SAPTO energies with
their four components were calculated and are summarized in
Table 2.

In Table 2, significant negative values of total SAPTO
(ESAPT) affirmed the occurrence of the adsorption process
within the TMZee®eBe,0,, and eeeB,N,, complexes. In that
spirit, favorable contributions were found for electrostatic
(Eey) forces combined with dispersion (Eg,) and induction
(Eing) forces that are illustrated by negative values. Contrarily,
an unfavorable role was found for the exchange (Ey) forces.
For instance, the E, Egigpy Eingy and Eyq, values were found to
be —63.60, — 12.74, — 30.70, and 60.19 kcal/mol for the
TMZeeeBe ,0,, complex within configuration A, respectively.

QTAIM and NCI Calculations. For insightful perspectives
about the character and intensity of interactions within the
considered complexes, the quantum theory of atoms in
molecules (QTAIM) analysis was applied. Furthermore,
QTAIM offered bonding insights through drawing bond
paths (BPs) and bond critical points (BCPs) along with
calculating the topological characteristics for a drug delivery
process.”’ Accompanied by QTAIM, the noncovalent inter-
action (NCI) index was further performed for the studied
complexes.”’ According to NCI index analysis, 2D NCI spikes
were extracted for all considered configurations (Figure S1).
By considering NCI index analysis, 3D colored plots were
generated with a 0.50 au value of the reduced density gradient
and colored from blue to red according to sign(4,)p. For all
investigated complexes, molecular graphs of QTAIM and 3D
NCI were extracted and are depicted in Figure 4. Moreover,
QTAIM topological features for the optimized TMZeeena-
nocarrier complexes are listed in Table 3.

Figure 4 gives a meaningful illustration of the occurrence
and nature of the interactions within the studied complexes,
attributed to the presence of versatile bond paths (BPs)
connecting the TMZ (ie, the O and N atoms) with
nanocarriers (i.e., the Be and B atoms). It was clear to observe
the contribution of secondary interactions that also were
noticed with the formation of bond critical points (BCPs)
paired with bond paths (BPs) between H atoms of TMZ and
O/N atoms of nanocarriers (Figure 4). The above-mentioned

Figure 4. QTAIM and NCI molecular graphs for the optimized
TMZeeenanocarrier complexes within configurations A<D.

observations strongly affirmed the tendency of Be;,0;, and
B,N}, toward adsorbing TMZ. Turning to NCI isosurfaces,
the adsorption process was further buttressed via colored
isosurfaces between adsorbed species. In this regard, the
colored scale of isosurfaces aligned with the adsorption
strength, where the blue and green colors indicated strong
and weak interactions, respectively. Similar to 3D NCI results,
2D NCI spikes also affirmed the attractive interactions among
the studied complexes (Figure S1).

According to the data in Table 3, the positive values of V?p,
and negative values of Hy, along with values less than the unity
of — G,/Vy, highlighted the electrostatic and partial covalent
interactions within TMZeeeBe,O,, and eeeB ,N,, com-
plexes. For example, the V?p,, H,, and — G,/V, of
TMZeeeB ;)N,, within configuration A were found with
values of 0.5173, — 0.0654, and 0.7486 au, respectively.

Electronic Parameters. Within the realm of electronic
features, the frontier molecular orbitals (FMO) theory was
invoked for the investigated drug adsorption process within all
complexes.’” According to the EMO theory, the HOMO and
LUMO distributions were mapped for the isolated systems and
TMZeeenanocarrier complexes in Figures 5,6, respectively.
Furthermore, the Epomo, Erumos Egy and Epy, values were
calculated and are gathered in Table 4.
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Table 3. QTAIM Topological Features (Given in au) for the Optimized TMZeeeNanocarrier Complexes

complex

TMZeeeBe,,0,, A

TMZeeeB,,N,,

gaowr»oaOw

configuration Py

0.0628
0.0558
0.0499
0.0419
0.1160
0.1164
0.0084
0.1925

G, H,
0.1117 0.0047
0.0845 —0.0019
0.0880 0.0065
0.0623 0.0014
0.1947 —0.0654
0.1620 —-0.0796
0.0058 0.0013
0.1024 —0.0543

Vi
—0.1070
—0.0864
—0.0815
—0.0609
—0.2601
—-0.2416
—0.0045
—0.1568

Vopy —Gy/Vy,
0.4654 1.0437
0.3302 0.9778
0.3782 1.0798
0.2549 1.0230
0.5173 0.7486
0.3296 0.6705
0.0284 1.2867
0.0854 0.6535

Figure S. Patterns of HOMO and LUMO for the optimized TMZ,
Be 0y, and B|,N}, systems.
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Figure 6. Patterns of HOMO and LUMO for the optimized
TMZeeenanocarrier complexes within configurations A<D.

As illustrated in Figure 5, HOMO levels were mainly
confined over the nucleophilic sites (i.e., O and N atoms) in
TMZ, whereas LUMO orbitals were concentrated over the
electrophilic regions (i.e., Be and B atoms) of the studied
nanocarriers. For TMZeeenanocarrier complexes, apparent
changes were noticed in HOMO and LUMO distributions due
to the adsorption of TMZ (Figure 6). It was intriguing to note
that the alteration in HOMO and LUMO distributions
strongly affirmed the occurrence of the charge transfer within
studied complexes, as previously recommended.*

From Table 4, intriguing changes were observed in the
calculated electronic parameters for Be;,0;, compared to
those for B;,N,. From numerical data, Eyopo values were
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Table 4. Obtained Values of Electronic Parameters Before
and Following the TMZ Adsorption over Nanocarriers®

EHOMO ELUMO E EFL
&%)

system configuration  (eV) (eV) (eV)
TMZ —8.52 —1.63 6.89 -5.07
Be,,0), ~1060 067 993 563
BN, 954  —035 919  —494
TMZeeeBe,,0,, A —9.00 =2.15 6.85 —=5.57
B -9.02 —-2.00 7.02 —-5.51

C —-8.95 —-2.14 6.82 —=5.55

D -9.00 —2.44 6.55 —=5.72

TMZeeeB,,N,, A 836 —2.53 584 —5.44
B —8.80 —2.32 6.49 —5.56

C —8.88 —-2.52 6.36 -5.70

D —8.66 —-2.89 5.77 =5.77

“The calculated values are given in eV.

found to be —10.60 and —9.54 eV for Be;O,, and B;;N,,
while E; ypo = —0.67 and —0.35 eV, respectively.

According to the TMZ adsorption, the Eyono, Erny Evumos
and E,,, values were significantly changed, demonstrating the
influence of TMZ adsorption on the electronic parameters of
the nanocarriers. For instance, the Eyopo value for the Be,0;
nanocarrier was noticed to be —10.60 eV, while the Eyoyo for
TMZeeeBe,0;, complex within configuration A was —9.00
eV. Moreover, a noticeable decrement was found for E,,,
values following the adsorption process that modified the
conductivity of nanocarriers.”* Numerically, the Be;,O,
nanocarrier had an Eg,, value of 9.93 eV that diminished to
6.85 eV for the TMZeeeBe ,0;, complex within configuration
A. Hence, the adsorption of TMZ leads to a diminution in the
values of the energy gap (Egap) and a distinct change in the
electronic attributes for Be;,0,, and B{,N;,. In the context of
the energy gap, such diminution in Eg,, leads to an increment
in the conductivity, confirming the promising application of
Be;,0,, and B;,N;, nanocarriers as electrochemical biosensors
for the TMZ drug.

Global Indices of Reactivity. Toward more reliable
insights into electronic parameters, global reactivity descriptors
were calculated for the studied monomers and their associated
complexes. The obtained values are listed in Table 5.

Table S reports considerable differences in global indices of
reactivity after the adsorption of TMZ over the surface of the
investigated nanocarriers. From the tabulated data, the Be ,0,,
exhibited EA with a value of 0.67 eV that changed to 2.15 eV
for the TMZeeeBe,0,, complex within configuration A.
Furthermore, a noticeable alteration was noticed in the IP
value of the Be;,0;, from 10.60 to 9.00 eV as a result of TMZ
adsorption within configuration A. Interestingly, the feasibility
of the adsorption process was confirmed through the
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Table S. Chemical Descriptors for the Optimized TMZ, Be,0,, and B;;,N,;, Molecules, along with Their Studied Complexes

system configuration IP (eV) EA (eV)
TMZ 8.52 1.63
Be,0,, 10.60 0.67
B;,N, 9.54 0.35
TMZeeeBe,,0,, A 9.00 2.15
B 9.02 2.00
C 8.95 2.14
D 9.00 2.44
TMZeeeB,,N,, A 8.36 2.53
B 8.80 2.32
C 8.88 2.52
D 8.66 2.89

o (eV) 7 (eV) u (eV) S (ev)) ® (eV)
3.73 3.44 -5.07 0.29 5.07
3.19 4.97 —-5.63 0.20 5.63
2.66 4.60 —4.94 0.22 4.94
4.54 342 —5.57 0.29 5.57
4.33 3.51 —=5.51 0.28 5.51
4.51 341 —-5.55 0.29 5.55
4.99 3.28 =5.72 0.31 5.72
5.08 2.92 —5.44 0.34 S5.44
4.77 3.24 -5.56 0.31 5.56
5.10 3.18 —-5.70 0.31 5.70
5.78 2.88 —=5.77 0.35 5.77

diminution in # and enhancement in S values after the
adsorption of TMZ over the investigated nanocarriers. To sum
up, the differences in the calculated parameters before and
following the adsorption confirmed the adsorbing tendency of
the studied nanocarriers toward TMZ.

DOS Analysis. In an effort to gain further insights into
electronic features, the density of state (DOS) analysis was
constructed for the studied systems, where total DOS and
partial DOS (TDOS and PDOS, respectively) plots were
generated. Figure 7 compiles the TDOS plots for isolated
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Figure 7. Graphed 2D TDOS diagrams for Be;,O,, and B},N|, along
with their corresponding complexes with TMZ within configuration
A.

Be,0,, and B|;N,,, along with their complexes with TMZ
drug within configuration A, while plots for the other
configurations are collected in Figure S2. Furthermore,
PDOS plots are gathered in Figure S3.

As shown in Figures 7 and S2, the adsorption of TMZ over
the investigated nanocarriers induced notable changes in the
TDOS diagrams. Thus, the TDOS analyses imply that the
TMZ interacts effectively with nanocarriers, which is in line
with the affirmations of the adsorption energy calculations
(Table 1). From PDOS plots, a significant overlap between the
OS/OP/NS/NP orbitals of the TMZ drug and the BeS/Bep/BS/BP
orbitals of nanocarriers was observed (see Figure S3). These
observations illustrate the contributions of the s- and p-orbitals
to the occurrence of the adsorption process.

Solvent Effect. Inspired by a successful drug delivery
process, the vital role of the solvent cannot be neglected. To
establish the water effect on the studied adsorption process,

adsorption (ES5"™) and solvation (AE,,) energies were

evaluated (Table 6).

Table 6. Adsorption (E:givem) and Solvation (AE,,)
Energies for the Optimized TMZeeeNanocarrier
Complexes”

complex configuration E:givem (kcal/mol) AE,,, (kcal/mol)
TMZeeeBe,,0,, A —22.26 —47.53
B —19.45 —48.53
C —11.66 —49.14
D —8.88 —49.50
TMZeeeB,,N,, A —28.05 ~18.15
B —25.82 —18.14
C —11.70 —17.63
D —10.96 —18.25
“AE,,, = E E

solv solvent™ gas*

From Table 6, the adsorption tendency of studied

nanocarriers toward TMZ in the water phase was clearly

demonstrated through negative adsorption (E:3™™) energies.

Noticeably, configuration A exhibited the most favorable (

ESM™) value than others, and the adsorption energy

decreased in the order of A > B > C > D. For instance,
ESSMen was found with values of —22.26, — 19.45, — 11.66, and
—8.88 kcal/mol for TMZeeeBe ,0,, complexes within
configurations A, B, C, and D, respectively. Furthermore,
negative values of the solvation energy (E,,,) affirmed the
favorable adsorption within the studied complexes in the water
phase. To summarize, Be,0;, and B,,N;, would be promising
nanocarriers for the TMZ drug delivery process.

Thermodynamic Parameters. From a thermodynamic
point of view, the nature of the studied adsorption process
could be anticipated by performing frequency calculations.
Thermodynamic variables, introduced as Gibbs free energy
(AG), enthalpy (AH), and entropy (AS) were calculated
(kcal/mol) for all studied complexes and are collected in Table
7.

From the data in Table 7, almost all studied complexes
exhibited favorable thermodynamic features, demonstrating the
adsorption process to be spontaneous and exothermic. For the
TMZeeeBe,0,, complex within configuration A, AG, AH,
and AS parameters were found with values of —18.66, — 28.88,
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Table 7. Computed Thermodynamic Parameters (kcal/mol)

for TMZeeeNanocarrier Complexes

and —0.043 kcal/mol, respectively. Numerically, AG values for

configuration A were found to be —18.66 and —12.00 kcal/mol

for TMZeeeBe ,0,, and eeeB,N, complexes, respectively.

complex configuration AG AH AS
TMZeesBe,,0,, A —18.66 —28.88 —0.083 Indeed, these observations were strongly linked to the data in
B _1529 2516 —0.044 Table 1, affirming the favorability of the studied drug delivery
C —8.54 —-17.03 —0.040 process.
D —4.89 -13.54 —0.041 Infrared (IR) and Raman Spectra. The infrared (IR) and
TMZeeeB ,N,, A —12.00 —-25.35 —0.039 Raman spectra are effective tools to characterize chemical
B 919  -2308  -0039 systems by identifying the functional groups. The infrared and
C 279 —10.02 —0.035 Raman spectra for the isolated Be;O;, and Bj,N;, nano-
D 4.29 =8.11 —0.033 . . . .
carriers and their corresponding complexes with TMZ drug
were extracted (Figures 8 and S4).
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Figure 8. Diagrams of infrared (IR) and Raman spectra for the isolated nanocarriers and TMZeeenanocarrier complexes within configuration A.
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Table 8. Recovery Time Values (7, in ps) for the TMZeeeNanocarrier Complexes

complex configuration T (298.15 K) T (310.15 K) T (315.15 K)
TMZeeeBe,,0,, A 4.56 X 10 1.35 x 10 8.35

B 1.58 x 107! 5.74 X 1072 3.87 X 1072

C 1.78 X 107¢ 1.02 X 107° 8.20 X 1077

D 3.80 X 1077 2.76 X 1077 243 x 1077

TMZeeeB,N,, A 6.08 x 107* 2.78 x 107* 2.04 X 107*

B 533 x 107¢ 293 x 107¢ 231 x 107¢

C 9.07 X 1071 1.09 x 107 1.17 x 107

D 7.24 x 10716 9.58 x 10716 7.24 x 10716

Table 9. Optimum Distance (A) and Energetic Values along with Thermodynamic Parameters for the Optimized

TMZeeeDoped Nanocarrier Complexes (Given in kcal/mol)

system
TMZeeeMgBe,,0,, A 1.98
2.09
1.99
2.17
1.83
1.95
1.85
2.02

configuration d

TMZeeeAlB, N,

caowroaOw

E.q4 AG AH AS
—42.72 —28.84 —41.13 —0.041
—33.78 —19.71 —32.17 —0.042
—28.39 -17.70 —27.07 —0.039
—23.20 —10.49 —21.64 —0.037
—60.55 —45.53 —58.74 —0.044
—49.91 —34.98 —48.16 —0.044
—42.33 —28.98 —40.98 —0.040
—-35.23 —21.32 —33.51 —0.041

From Figures 8 and S4, the IR spectra revealed apparent
alterations in the stretching bands of the Be;,O,, and B,N),
nanocarriers after TMZ adsorption. Additionally, new peaks
were observed for the TMZeeeBe,,O,, and eeeB,N,,
complexes, ensuring favorability of the studied adsorption
process. Thence, significant changes were found in the Raman
spectra. These alterations highlighted the suitability of Be ,0,,
and B,N}, nanocarriers to be engaged in the delivery of TMZ.

Recovery Time. To systematically consider the drug
delivery process, the desorption process must be assumed for
the studied complexes. Thus, the recovery time (z) was
calculated for all studied TMZeeeBe ,0,, and eeeB,,N,,
complexes to determine the difficulty of releasing the drug
toward the intended target site. Herein, recovery time (7)
values were computed by applying different temperatures
(Table 8).

Table 8 indicates that the recovery time () values were
associated with adsorption energy values; as the adsorption
energy increased, the recovery time increased. Numerically,
TMZeeeBe,0,, complex within configuration A exhibited
the most negative adsorption energy (E,;, = —30.47 kcal/mol)
and the longest recovery (7) time of 4.56 X 10 s at room
temperature. Furthermore, a noticeable decrease in recovery
time (7) values was indicated as the temperature increased. For
TMZeeeB ;N,, complex in configuration A, as an example,
the 7 values were 6.08 X 107 2.78 X 107%, and 2.04 X 10™* us
at room, human body, and cancer cell temperatures,
respectively. According to the obtained data, Be;;,O;, and
B;,)N;, would be potent nanocarriers for the TMZ drug
delivery process.

Doping Effect. The potential aspects of the doping process
on the delivery of different drugs were amply demonstrated by
the literature.”>*® Thus, the doping process was applied to
TMZeeenanocarrier adsorption using Al and Mg atoms to
form AIB;)N;, and MgBe ;O,, nanocarriers, respectively.
Consequently, ESP analyses for the doped nanocarriers were
executed and are listed in Figure SS. Geometrical optimization
as well as energy calculations were performed for
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TMZeeeMgBe; O, and eeeAlB; N, complexes within the
selected A<D configurations (Figure S6 and Table 9).
Furthermore, IR and Raman spectra were generated for
doped nanocarriers along with TMZeeedoped nanocarrier
complexes (Figure S7).

Figure SS obviously displays the effect of doping on the
geometrical characteristics (i.e., bond length and bond angle)
of the studied nanocarriers. As a consequence, the Mg—O and
Al-N bond lengths were found to be 1.87 and 1.78 A for
MgBe ;0,, and AIB;|N,,, respectively. Thus, a substantial
elongation in bond lengths was found as a result of the doping
process (Figure 2), which is in line with the literature.>”

According to Figure SS, the electrophilic nature of doped
nanocarriers was found to be more than pure analogs. The
Vi max Values over the doped atoms were noticed to be 242.2
and 158.9 kcal/mol in the MgBe;;0,, and AlB;;N;, nano-
carriers, respectively. Furthermore, the negative values of V, ;,
around the O and N atoms of MgB,,0;, and AIB;;Nj,
nanocarriers were found to be —31.6 and —20.2 kcal/mol,
respectively. Illustratively, the adsorption process of TMZ drug
over doped nanocarriers was proposed to be more favorable.

For the targeted drug delivery process, geometrical
optimization was performed for the TMZeeoMgBe;, O, and
eeeAlB; N, complexes. For the optimized complexes, the
adsorption energies and thermodynamic parameters were
calculated (Table 9).

From Table 9 and Figure S6 significant adsorption energy
values were noticed for all studied complexes, demonstrating
the enhancing role of Mg- and Al-doped atoms in the
adsorption process. Similar to the data in Table 1,
configuration A exhibited the most negative Eg4 value,
compared to the other configurations B<D. According to
thermodynamic parameters, the exothermic and spontaneous
natures were approved for all studied complexes. Numerically,
AG, AH, and AS parameters for the TMZeeeMgBe, O,
complex were found to be —28.84, — 41.13, and —0.041 kcal/
mol within configuration A, respectively. From Figure S7,
obvious changes in the IR and Raman spectra of MgBe;;0,,
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and AlB, N, nanocarriers were found following the adsorption
of TMZ. Furthermore, new peaks were observed for the
TMZeeeMgBe O, and eeeAlB; N, complexes, confirming
the occurrence of the investigated adsorption process. Inspired
by the above-mentioned data, the doping process by Mg and
Al atoms for Be;,0,, and Bj;)N;, nanocarriers played an
enhancing role in the adsorption process.

B CONCLUSION

The adsorption behavior of Be;,0;, and B;,N,, nanocarriers
toward the temozolomide (TMZ) anticancer drug was
investigated by DFT calculations. Toward the adsorption
process, TMZ interacted with Be;O;, and B},N;, via four
nucleophilic sites (configurations A<D). According to ESP
results, the electrophilic and nucleophilic natures were
illustrated for nanocarriers and TMZ, respectively. For the
adsorption phenomena, negative adsorption energies demon-
strated the favorable tendency of Be;,O,, and B|,N|, to adsorb
TMZ within different orientations. The adsorption energy for
configuration A was found to exhibit the most negative value
among all of the studied configurations. Within SAPT analysis,
the adsorption process was found to be strongly controlled
with electrostatic force, followed by dispersion and induction
forces. From an electronic perspective, the distributions of
FMOs (HOMO and LUMO) were changed after the
adsorption of TMZ, demonstrating the occurrence of the
adsorption process. From a thermodynamic point of view, the
nature of the considered adsorption process within all studied
complexes was documented as spontaneous and exothermic. In
the context of water, a favorable adsorption process was
noticed within all studied configurations through negative
E:givem and E
values were observed for all studied complexes, demonstrating
the tendency of TMZ to separate from the nanocarriers. From
a comparative point of view, the adsorption of TMZ over
doped nanocarriers (ie., MgB;;O;, and AIB;;N},) was more
favorable than that of pure counterparts (i.e., Be;,0;, and
B,N},). Accordingly, the doping process had a favorable
impact on the TMZ adsorption process. The outcomes aimed
to introduce an effective nanocarrier to be applied in the drug
delivery process.

values. Eventually, substantial recovery time

solv
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