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Toxicity;
Thermodynamic properties

when zwitterionic PCA adsorbs via its carbonyl group in water with value of —1.723 eV, in contrast,
when neutral PCA adsorbs via its amine group in chloroform with value of —1.68 eV. Intercalated

calcium ion within B;,N;, nanocage (B;,CaN;,) was shown to attract PCA onto nanocage surface,
resulting in higher solubility and adsorption energy after their complexation in water and chloro-
form. The adsorption of multiple PCA molecules from their amine and carbonyl groups on pure
and B;,CaN;, nanocages were also evaluated where two and three molecules can be chemisorbed
on boron atoms of the nanocage surfaces with the adsorption energy per PCA reduces slightly with
the increasing the amount of drugs due to the curvature effects. Molecular docking study indicates
that PCA from its NH, group on B;>,CaN,, nanocage has the best binding affinity and inhibition
potential of tumor necrosis factor-alpha (TNF-o) and Interleukin-1 (IL-1) receptors as compared
with the other adsorption systems. Molecular docking and ADMET analysis displayed that the
chosen compounds pass Lipinski Rule and have appropriate pharmacokinetic features suitable as

models for developing anti-inflammatory agents.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Penicillamine, (2S)-2-amino-3-methyl-3-sulfanylbutanoic acid,
is a product from hydrolytic degradation of penicillin. It has
four main functional groups: alpha-amine, carbonyl, hydroxyl
and thiol which mainly influence its pharmacological effects.
Penicillamine has D- and L-enantiomeric forms in which its
L-enantiomer is a pyridoxine antagonist has toxic properties,
whereas its D-enantiomer is an effective oral medication drug
for various diseases. It is often used in the treatment of
rheumatoid arthritis, Wilson’s disease, cystinuria, scleroderma,
primary biliary cirrhosis and heavy metal poisoning (Kim and
Song, 1997; Joly et al., 1999; Smolarek and Stremmel, 1999).
Beside its function as metal chelating agent, PCA also has sev-
eral important effects such as T-lymphocyte amount reduction,
diminishing IL-1, rheumatoid factor reduction, macrophage
function inhibition and prevention of collagen cross-linking
(Yamanaka et al., 1993; Choy and Panayi, 1999). Nevertheless,
PCA can cause a severe allergic reaction in some people and it
is associated with adverse effects in 20-40% of patients receiv-
ing treatment. Among some of the reported side-effects were
myasthenia gravis, thrombocytopenia, dysgeusia rash, pem-
phigus, hypersensitivity nephritic syndrome. Hence, proper
administration of PCA in biological systems is important to
ensure maximal drug efficacy and minimal side-effect
inducement.

In the recent years, boron nitride (BN) materials as nanos-
cale drug delivery vehicles have been shown a lot of attention
because of good biocompatibility and nontoxicity in biomedi-
cal, therapeutic, and diagnostic applications (Ciofani et al.,
2010; Ferreira et al., 2013; Ferreira et al., 2011; Horvath
et al., 2011). Recently, boron nitride materials are used in
the fields of drug delivery, irreversible lethal electroporation
cancer treatment, bone tissue engineering and boron neutron
capture cancer therapy (Lahiri, 2010; Ciofani et al., 2009;
Buzatu et al., 2009). By far, various investigations were done
to design rational strategies for the interaction between boron
nitride and drug molecules such as 5-fluorouracil (Bezi Javan
et al., 2016), 5-aminolevulinic acid (Soltani et al., 2016; Zhu
et al, 2020), celecoxib (Abdolahi et al. 2018), 4-
aminopyridine (Padash et al., 2018), metformin (Ghasemi
et al., 2019) and sulfamide (Padasha et al., 2020). BN materials
are relatively more stable in terms of thermal and chemical

stability than its carbon nanomaterial counterparts (Abdolhi
et al., 2017; Chen et al., 2004; Golberg et al., 2010). Several
strategies were proposed on the utilization of BN nanomateri-
als in various forms such as cluster (Baei et al., 2014; Soltani
et al., 2016; Soltani et al., 2018; Abdolahi et al., 2018;
Soltani and Baei, 2019; Bezi Javan et al., 2016; Vatanparast
and Shariatinia, 2019), nanosheet (Duverger et al., 2019;
Carreto Escobar et al.,, 2019; Chigo Anota et al., 2017,
Ebrahimi et al., 2018; Mortazavifar et al., 2019) or nanotubes
(Shafiei et al., 2019; Roosta et al., 2016; Soltani et al., 2015;
Chigo Anota and Cocoletzi, 2014; Ciofani et al., 2012) as effec-
tive drug delivery vehicle.

With the use of BN nanomaterials in biological systems, the
study of their interactions with living systems at cellular and
sub-cellular levels is important to evaluate their toxicity and
their mechanism of action. Ciofani ef al. evaluated in-vivo tox-
icological study of boron nitride nanotubes in rabbits to iden-
tify acute alteration of hematic parameters. Based on the
samples of rabbit blood, their results showed no acute alter-
ation of the assessed parameters after the injection of boron
nitride nanotubes (BNNTSs) containing solution (1 mg/kg),
indicating non-toxicity of BNNT solution at the correct
administered dosage (Emanet et al., 2015). Likewise, Emanet
et al. investigated on the cytotoxicity and genotoxicity of car-
bohydrate modified BNNTs on human dermal fibroblasts
(HDFs) and adenocarcinoma human alveolar basal epithelial
cells (A549) where no significant viability change and DNA
damage of HDFs and A549 cells were reported.
(Mirmotahari et al., 2019). In particular, Mirmotahari et al.
have theoretically demonstrated that the Calcium-doped
single-wall nanotubes (Ca/SWCNTs) as a superior carrier for
the improvement of the solubility and stability of atropine
drug in the water solvent (Sui et al., 2018). They found that
the strong adsorption of D- and L-atropine molecules with
the surface of Ca/SWCNT through O—Ca bond could improve
the solubility and stability of drugs along with Ca/SWCNT in
the water after their complexation. Sui et al. reported Ca>™ in
MBG nanospheres activates transient receptor potential (TRP)
channels and calcium-sensing receptor (CaSR) on tumor cells,
mediates calcium influx, and directly regulates the Calpain-1-
Bcl-2-Caspase-3 signaling pathway to specifically suppress
tumor growth without affecting normal cells (Zhao et al.,
2006). In the light of these findings, we propose in this study
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the use of calcium functionalized B;;N, nanocage as a poten-
tial drug delivery vehicle for penicillamine. The intercalation of
calcium in B,N, nanocage was postulated to improve the sta-
bility and the solubility of PCA/ B;,CaN;, complex. This
intercalation was also further motivated on a priori basis that
calcium ions are commonly found in living organisms thus
endorsing a certain extent of its biocompatibility. The interac-
tions of penicillamine with B{,Nj, and B;{>,CaNj, nanocages
were examined using computational methods based on several
perspectives. In Section 3.1, equilibrium geometries, energetics
of the neutral and the zwitterionic PCA molecules interacting
with the surface of bare B;,N|, and B;,CaN, cages were dis-
cussed in both vacuum and aqueous environments. In Sections
3.2 and 3.3, discussions on thermodynamic parameters, vibra-
tional assignments, quantum molecular descriptors and elec-
tronic features of the adsorption complexes were presented.
In Section 3.4, interaction of PCA/B,N;, complexes with pro-
tein tumor necrosis (TNF-a) and interleukin-1 (IL-1) were dis-
cussed so as to investigate their role in reducing the levels of
proinflammatory cytokines TNF-o and IL-1.

2. Computational methods

The geometries of the pure and calcium functionalized B,N,
fullerene-like cages, PCA molecule and their interaction con-
figurations with different orientations have been fully relaxed
by wusing Minnesota 2006 with double-Hartree-Fock-
exchange functional (M06-2X) in conjunction with 6-311G**
basis set for both chloroform and water solvent system (Xu
et al., 2014; Schmidt et al., 1993). The polarizable continuum
model (PCM) was selected to evaluate the impact of the sol-
vent on the adsorption behavior of the PCA drug in water
and chloroform. Moreover, total density of states (TDOS),
frontier molecular orbital (FMO), molecular electrostatic
potential (MEP), and natural bond orbital (NBO) analysis
were performed using GAMMAS structural package
(Blaudeau et al., 1997). Here, the basis set superposition errors
(BSSE) were resolved by calculating the BSSE energy (Epssr)
for all adsorption configurations. The accuracy of computa-
tions was further verified by performing the optimizations with
dispersion-corrected meta-GGA hybrid i.e., M06-2X-D tech-
nique that yielded the differences in the qualitative results
(Rassolov et al., 1998; Jamroz, 2004-2010.). The adsorption
energies (E,y) were calculated using the following equation:

Euyys = Epcajcage — (EL'a,gw + EPCA) + Egsse (1)

where E,, is the total energy of pure or calcium functional-
ized B1,Ny, fullerene-like cage, Epc, is the total energy of iso-
lated PCA molecule and Epcy/cqge is the total energy of the
adsorption complex.

Vibrational frequencies were also evaluated at M06-2X
functional with 6-311G** basis set to check the reliability of
the relaxed structure, as well as to help assign experimental
IR transitions with further studies of all possible vibrational
assignments using VEDA software (Parr et al., 1978). The
thermodynamics of PCA adsorption on B;)N;» and
Bi>CaN;, nanocage was also examined based on the Gibbs
free energy change (A.;G), enthalpy change (A,,H) and
entropy change (A,;S) per molecule during adsorption. These
thermodynamic parameters were determined at 298 K and

1 atm using B3LYP functional with 6-31+ + G** basis set.
Gibbs-Helmholtz relation was used to relate A,,G with
adsorption equilibrium constant, K,4. The analysis of the tem-
perature dependence of K,; was examined using van ’t Hoff
equation (Eq. (2)) and van’t Hoff plot.
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Physicochemical properties of the adsorption complexes
were also predicted based on the determination of quantum
molecular descriptors:
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where [ is ionization potential, 4 is electron affinity, u is
chemical potential, y is electronegativity, # is global hardness,
S is global softness and w is electrophilicity index (Parr et al.,
1999; Koopmans, 1933). Based on Koopmans’ theorem, 7/ and
A can be respectively approximated as the negative orbital
energies of the highest occupied molecular orbital (HOMO),
—Egoymo and the lowest unoccupied molecular orbital
(LUMO),—Erymo (Morris et al., 2009).

Molecular docking analysis was conducted via Auto Dock
package (4.2) (Mirzaei et al., 2017). The crystal structures of
TNF-alpha (PDB ID: 2AZ5) and IL1A-S100A13 (PDB ID:
2L5X) were obtained from Protein Data Bank. Lamarckian
genetic algorithm was employed for local search method. Grid
map of 60 x 60 x 60 with 0.375 A grid spacing were designated
for preparation of autogrid (Mirzaei et al., 2017; He et al.,
2005). 100 GA runs was used for docking. Maestro 11.0 Schro-
dinger program was applied for creation of 2D and 3D
presentations. Hence for validation of the docking protocol,
the co-crystallized ligand was also re-docked. The root mean
square deviation (RMSD) of the cognate ligand atoms in the
re-docked and crystallographic conformations was 0.994 A.
The best docking solutions were chosen for further studies in
this work (Mohan and Yu, 2011; Shaki et al., 2020).

3. Result and discussion

3.1. Interaction of PCA molecule on the surfaces of B;,N,, and
B;,CaN,, cages

The geometry optimization of PCA/B|,N1; adsorption system
shows six stable adsorption complexes (Fig. 3). Four of these
complexes were formed by neutral PCA molecule via its four
nucleophilic sites (Fig. 1): amine (Complex A), carbonyl (Com-
plex B), hydroxyl (Complex C) and thiol (Complex D). The
other two complexes were formed by zwitterionic PCA via
its carbonyl (Complex E) and hydroxyl (Complex F) groups.
All adsorption configurations were of chemisorption nature
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HOMO LUMO
Fig. 1 Optimized structure, MEP and FMO plots of
penicillamine.

as the interactions showed a strong overlapping of electrons
between the cages and drug molecule as shown by the NBO
analysis. The electrons overlapping was formed through the
lone pair electrons of the PCA nucleophilic sites with the
empty valence p orbital of boron in B;,N;, cage as the Lewis
acid site. MEP map is a significant tool to find the active sites
for electrophilic and nucleophilic attacks in the biological
recognition process and hydrogen bonding interactions. The
boron atom of Bj,Nj, is blue color (positive electrostatic
potential region) functions as the active site to adsorb PCA
through the NH, and C = O groups with red color (negative
electrostatic potential region).

Based on Tables | and 2, Complex A and E are the most
stable adsorption configuration for PCA in the respective
neutral and zwitterionic forms with the respective adsorption
energies of —1.715 eV and —1.724 eV in aqueous environment

Table 1

or —1.68 eV and —1.41 eV in chloroform environment which
are in corroboration with previous literature reports
(Ghasemi et al., 2018; Kokalj et al., 2020). Complex E
(Egy = —1.724eV,—14leV) and F (E, =—1.482¢V,
—1.48¢V’) were noted to have higher adsorption energy and
stability than their counterparts: Complex B (Eu ;=
—1.213eV,—1.23¢V) and C (E,; = —0.304eV,—0.32¢V) in
both solvent environments. This is because the charges in
NH; and COO™ groups of zwitterionic PCA can be further
stabilized by the hydrogen bonding provided by the solvents.
By the same token, one would also expect the adsorption con-
figuration via amine and carbonyl groups to be more stable as
compared with hydroxyl and thiol groups (Bieri and Thomas
Burgi, 2006) as shown in Tables 1 and 2. S-zwitterionic PCA
which involves the formation of NH; and S™ groups was not
one of the stable adsorption configurations albeit it was
reported to be possibly formed on other adsorbents (Ammar
et al., 2019).

In neutral form, Complex C and D were noted to be signif-
icantly weaker than Complex A and B. In Complex C, the
hydrogen in neutral hydroxyl group restricts the availability
of lone pair electron in oxygen atom for chemisorption as com-
pared with its deprotonated form. Thus, one would expect a
significant increase in adsorption energy from —0.304 eV to
—1.482 eV in water and —0.32 eV to —1.48 eV in chloroform
during the deprotonation of OH group (Complex C) into O
group (Complex F). As for Complex D, the larger sulfur
atomic size will increase the chemisorbed bond length thereby
effectively weakens the bond despite having the highest charge
transfer (0.457 Je|) among the other adsorption heads. By
switching from water to chloroform solvent, miniscule reduc-
tion in the adsorption energies and the bond lengths was
observed which could be attributed to both solvents with
hydrogen bonding capacity. In regard to the solvent polarity,
chloroform has lower polarity than water which exhibits lesser
polarization and hence lower dipole moment of the adsorption
system as compared with aqueous environment (Nagarajan
and Chandiramouli, 2019).

For a better simulation of the real adsorption environment
within the experimental preparation of the adsorption system

Calculated adsorption energy (E,,4), chemisorption bond distance (D), dipole moment (i), HOMO energy (Exoao), LUMO

energy (Erumo), energy gap (E,), Fermi level energy (Er) and quantum molecular descriptors for PCA, B,Nj,, Bj2CaN;», PCA/B|)N

and PCA/ B|,CaN, in aqueous environment.

Property  Eu(eV) D() pp(Debye) Enomo(eV) Erumo(eV) Eg(eV) AE (%) Er(eV) 1(eV) A(eV) x(eV) u(eV) n(eV) S(ev=') w(eV)
PCA = = 3.54 —8.31 0.76 9.07 = —3.78 831 —-0.76 3.78 —3.78 4.54 0.110 1.57
Bi2Np»2 - - 0.0 -9.44 0.07 9.51 - —4.69 9.44 —0.07 4.69 —4.69 476 0.105 2.31
A —1.715 1.62 10.20 —8.69 0.28 8.97 5.68 —4.21 8.69 —0.28 421 —421 449 0.111 1.97
B —1.213 1.53 7.13 —8.47 —0.41 8.06 1525 —444 847 041 444 —444 403 0.124 245
C —0.304 1.68 3.78 —8.44 —0.37 8.07 15.14 —4.41 8.44 037 441 —4.41 404 0.124 2.40
D —0.642 2.07 9.81 —8.68 0.30 8.98 5.57 —4.19 8.68 —0.30 4.19 —4.19 449 0.111 1.96
E —1.724 1.49 22.56 —8.51 0.29 8.80 7.46 —4.11 8.51 —-0.29 4.11 —4.11 440 0.114 1.92
F —1.482 1.48 13.82 —8.66 0.27 8.93 6.10 —4.20 8.66 —0.27 420 —4.20 447 0.112 1.97
G —1.209 1.60 12.71 —8.34 —0.42 7.92 16.72 —4.38 834 042 438 —4.38 396 0.126 2.42
H —1.533  1.64 15.55 —8.29 0.34 8.63 9.25 —3.98 829 -—0.34 398 —398 432 0.116 1.83
I —1.499 1.63 8.44 —7.83 0.39 8.22 13.56 —-3.72 7.83 —0.39 3.72 -—-3.72 411 0.122 1.68
Ca-B;,Ny, +535  2.69 14.75 —4.47 —1.31 3.46 63.62 —3.04 447 131 289 -2.89 1.58 0.316 2.64
J —2.162 1.59 21.39 —4.48 —-0.9 3.58 3.47 —2.69 448 090 2.69 —-2.69 1.79 0.279 2.02
K —2.049 1.61 24.69 —4.18 —0.39 3.79 9.54 —-2.29 418 0.39 229 -229 190 0.264 1.38
L —2.018 1.60 26.66 —-3.91 0.0 3.91 13.0 —1.96 391 0 1.96 —1.96 1.96 0.256 0.98
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Table 2 Calculated adsorption energy (£,4), chemisorption bond distance (D), dipole moment (1), HOMO energy (Enono), LUMO
energy (Erumo), energy gap (E,), Fermi level energy (Er) and quantum molecular descriptors for PCA, B2Nj,, Bj,CaN;,, PCA/B|;N |,

and PCA/ B;,CaNj, in chloroform environment.

Eus(eV) D) pp(Debye) Enowo(eV) EromoleV) E(eV) AE(%) Er(eV) V) AeV) z(e¥) n(eV) neV) S(ev') wleV)

PCA = - 323 —8.29 0.78 9.07
Bi2Ni2 = - 0.0 —9.44 0.04 9.48
A —1.68 1.63 9.93 —8.71 0.22 8.93
B —1.23  1.53 6.67 —8.53 —0.41 8.12
C —-0.32  1.72 3.30 —8.48 —0.35 8.13
D —0.661 2.06 9.20 —8.63 0.33 8.98
E —1.41 1.49 12.79 —8.50 0.17 8.67
F —1.48  1.51 11.55 —8.26 0.22 8.48
G —-1.17  1.61 11.32 —8.21 —0.42 7.79
H —1.50 1.64 13.66 —8.18 0.30 8.48
I —1.46 1.65 7.04 —7.63 0.41 8.04
Ca-B;;Ny, +5.75  2.72 12.17 —4.55 —1.33 3.22
J —2.23 1.61 18.70 —4.11 —0.85 3.26
K —-1.97 1.61 11.33 —3.76 —0.26 3.50
L —-1.92  1.62 21.09 —3.30 0.11 3.41

= -3.76 829 —0.78 3.76 —3.76 4.54 0.110 1.55
= —4.70 9.44 —-0.04 470 —4.70 474 0.105 233
5.80 —4.25 871 —0.22 425 —4.25 447 0.112 201
1435 —4.47 853 041 447 —447 406 0.123  2.46
1424 —4.42 848 035 442 —442 407 0.123 240
5.48 —4.15 8.63 —0.33 4.15 —4.15 448 0.112 1.92
8.54 —4.17 850 —0.17 4.17 —4.17 434 0.115 2.00
10.55 —4.02 826 —0.22 4.02 —4.02 424 0.118 1.91
17.83 —432 821 042 432 —-432 390 0.128  2.39
10.55 -394 8.18 —0.30 3.94 -394 424 0.118 1.83
15.19 -3.61 7.63 —-0.41 3.61 -3.61 4.02 0.124 1.62
66.03 —294 455 133 294 -294 1.61 0.311 2.68
1.24 —2.48 411 085 248 —248 1.63 0.307 1.89
8.70 —-2.01 376 0.26 2.01 =201 1.75 0.286 1.15
5.90 —1.60 330 -0.11 1.60 -1.60 1.71 0.293  0.75

as well as the body for real clinical testing, the adsorption of
multiple PCA molecules on the outer surface of B;;N;, nanoc-
age was performed in both water and chloroform environ-
ments (Srimathi et al., 2018; Raggi et al., 2014). Based on
the most stable adsorption configuration of neutral PCA
(Complex A), two types of adsorption configuration were

Ca-B]Zle

HOMO

considered for the second PCA molecule: carbonyl (Complex
G) and amine (Complex H) as shown in Fig. 3. It is confirmed
that the most important adsorption configuration corresponds
to the two PCA molecules interacting from their amine groups
onto the boron site of Bj;N, nanocage with adsorption energy
per PCA molecule and NBO charge of —1.533 eV and 0.18 |e|

LUMO

LUMO

Fig. 2 Optimized structures and FMO plots of B;,N;, and B;>,CaN;, nanocages.
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or —1.50 eV and 0.16 |e| in water or chloroform environment.
For three PCA molecules system, the most stable complex is
formed with adsorption configuration involving three consecu-
tive amine groups from three PCA molecule with the adsorp-
tion energy per PCA molecule and NBO charge of
—1.499 eV and 0.17 |e| or —1.460 eV and 0.17 |e| in water or
chloroform environments. As the number of PCA molecule
adsorbed on nanocage increases, steric effect becomes more
prominent, causing the stability of adsorption complex to
decrease. Such effect could be seen through the gradual
decrease in adsorption energy per PCA molecule for Complex
A (—=1.715 eV, —1.68 eV), H (—1.533 eV, —1.50 eV) and I
(—1.499 eV, —1.46 eV) in both environments.

The geometry optimizations of the B;,CaN;, nanocage
adsorbent were also carried out in both water and chloroform
environments. Three stable PCA/B;,CaN;, complexes were
formed with successive adsorption of PCA molecules via
amine group: single (Complex J), double (Complex K) and tri-
ple (Complex L). It was found that the positively charged
encapsulated calcium (Ca) ion with a point charge of + 0.97
le| is located at a radial distance of 2.29 A away from the cen-
ter of B|,Nj, nanocage and facing the midpoint of an edge
between the two adjacent hexagon and square sites of the
nanocage. The exohedral intercalation of Ca ion has caused
the bond length of the 4-member ring of BN nanocage to
increase from 1.48 A to 1.50 A while its bond angle to decrease
from 98.6° to 97.1°. Plane distortion was also noted via the dis-
place of a boron atom from the 5-member ring causing the
bond length and the bond angle to increase from 1.44 A to
1.80 A and 110.8° to 123.5° respectively (Fig. 2). The position
of Ca ion inside the B|2N;, has a critical influence on the
polarization and symmetry of the nanocage, which is similar
with the obtained results by Raggi et al (Cazorla et al.,
2012). It was found that the encapsulated Ca ion inside the
B5Nj, nanocage can outstandingly shift the value of the
dipole moment from zero to 14.75 (water) or 12.17
(chloroform). This effect can be attributed to the positive
charge of calcium ion and the displacement of boron
atom from B,N;, which breaks the centrosymmetry of
pristine B;5Nj,: an essential property for its equal charge
distribution.

Based on Tables 1 and 2, calcium functionalization has also
resulted in the reduction of HOMO-LUMO energy gap and
the global hardness of nanocage, thus enabling a more facile
interaction with PCA molecule. The complexation of PCA/
B»CaN;, was carried out and it was found that the stable
adsorption configurations were also similarly achieved via
amine group. The intercalation of Ca ion in fullerene effec-
tively attracts the PCA molecule toward the surface, thus fur-
ther stabilizing the adsorption complex (Nejati et al., 2017).
The obtained adsorption energies of the multiple PCA drugs
via its amine groups is much stronger than that from the com-
bined amine and carbonyl groups (Li et al., 2019; Yongnian
et al., 1998). Similar steric effect in PCA/B,CaN, system
was also observed in both environments where the stability
of adsorption complex decreases as the number of adsorbing
PCA molecule increases: Complex J (Single PCA) with
E,u = —2.162¢V,—2.23¢V > Complex K (Double PCA) with
Euus = —2.049¢V,—1.97¢V > Complex L (Triple PCA) with
E.is = —2.018eV,—1.92¢V. However, if one was to compare
with PCA/B|,N; system, B;,CaN,, provides greater adsorp-
tion capacity at a relatively higher stability.

Table 3 Calculated stretching vibration wavenumber (v), enthalpy change (A4 H), Gibbs free energy change (A,4;G), entropy change (A,4S) and thermodynamic equilibrium constant

(K,45) of adsorption at 298 K and 1 atm.

vo_p(em™")

3814

v, (em™")
1643

vs_p(em™")

2760

vn_p(em™")
3542

o(em™)

Ve
1872

Ymax (cmgl) VBAN(cmgl)

3814

Vmin (cmgl)

45

Katls

AwsS(eV/K)

Aads G(E V)

Aatls H (e V)

PCA

1441
1446
1436
1438
1442
1446
1449
1329
1351

1466
3805
3628
3729
3797
3495

326
27
27
22
31
30
21

B12N12

3705
3628
3632
3645

1632
1653
1661

3513 2758

1894
1695
1940
1866
1810
1879

1.67 x 10"
6.70 x 10'°
5.90 x 107

—0.0020
—0.0020
—0.0019
—0.0019
—0.0020
—0.0021

—0.90
—0.64
+0.25

—1.50
—1.24
—0.31
—0.53
—1.03
—0.77

2774
2770

3539
3519

1632
1660
1644

3545
3389
3413

2.11 x 107
1.88 x 107
233 x 10%

+0.04
—0.43

2743

2764

3519

—0.14

1362
3795

196
26

Ca—Banz

J

3487 2758 1635 3769

1893

9.77 x 10%!

—1.30 —0.0020

—1.89
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Fig. 3  Adsorption of neutral PCA on B;,N;, via amine (A), carbonyl (B), hydroxyl (C), thiol (D) groups; zwitterionic PCA on B3Ny,
via carbonyl (E), hydroxyl (F) groups and multiple neutral PCAs on B;,CaN;, (G — L).

3.2. Vibrational assignments and thermodynamic parameters

Infrared and thermodynamic analyses were computationally
calculated for all relaxed structures of PCA/B;;N;, and
PCA/ Bj,CaNj, systems (Table 3). The C = O, N-H, S-H,
NH, bending vibration and O-H bonds of PCA molecule were
reported to have stretching vibration wavenumbers of
1872 cm™', 3542 cm ', 2760 cm™', 1643 cm™' and
3814 cm™! respectively, which are agree with the experimental
results reported by Li et al (Seifert et al., 1997). Upon adsorp-
tion, the stretching vibration modes of PCA molecule were
slightly decreased by 6 to 200 cm™!. Such decrease would indi-
cate the weakening of the covalent character of existing bonds
in PCA during chemisorption. This effect was noted to affect
the energy mode of the entire PCA molecule as the non-
chemisorbed bonds of PCA also experience a slight reduction
in vibration energies to different extents. On the flip side, the
B-N bond wavenumber of B{>N;, molecule remained within
the range of 1436 cm™! to 1449 cm™' during the interaction
which is quite close to its initial wavenumber of 1441 cm™'.
The experimental FT-IR spectrum shows the two characteris-
tic absorption bands at 1380 cm™! (in plane B-N stretching)
and 780 cm™' (out-of-plane B-N-B bending) of h-BN crystal
structure (Shokuhi Rad and Aghaei, 2018). This very much
indicates of the independency of the interacting BN bond from
the rest of BN bonds within the nanocage. Another possible
explanation would be that the vibrational shift of the interact-
ing BN bond was averaged out by the unchanged vibrational
mode of the non-interacting BN bonds of nanocage. With
the intercalation of calcium ion, vibrational wavenumber of

BN bonds were reduced from 1441 cm™' to 1329 cm™' which
indicates the existing BN bonds were weakened as they form
partial bonds with the calcium ions.

For all complexes, the A, H values were noted to be signif-
icant with the range of —0.31 to —1.89 eV per molecule. This
corroborates with the large adsorption energy trend in indicat-
ing the chemisorption of PCA on B;,Nj; and B;,CaN, nano-
cages and the formation of stable adsorption complexes. All
adsorption configurations also experienced similar range of
entropy reduction (-0.0019 to —0.0021 eV/K) which is attribu-
ted to the reduced vibrational energies during adsorption
(Vessally et al., 2017). This effect is evident particularly in
the bonds of the four functional groups of PCA molecule.
The lesser values of A,;G than A, H were due to the entropic
reduction effect. Based on the A,;G and K, values at 298 K,
PCA adsorption is exergonic and thermodynamically favored
for Complex A, B, E, F and J (A,sG <0 and K, > 1)
whereas PCA adsorption is endergonic and not thermodynam-
ically favored for Complex C and D (A,;;G > 0 and K4 < 1).
Thermodynamic analysis shows that the adsorption of PCA on
BN, via its amine group has the largest values of A,;H
(—=1.50 eV) and A,;G (—0.90 eV) as compared with other
adsorption configurations. This corroborates with the preced-
ing discussion on its largest adsorption energy is indicating it
as the most stable adsorption configuration of PCA/B{,N,
system.

Fig. 4 demonstrates the van ’t Hoff plots for PCA/B 5N,
and PCA/ B;,CaNj, systems with 7, as the respective temper-
ature which gives no change in Gibbs free energy during the i
adsorption. At 298 K, all adsorption complexes are enthalpi-
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cally favored (InK,4 > 0) except for Complex C and D which
are entropically favored (/nK,s; < 0). The values of T show
that only Complex A (746 K), B (617 K), E (512 K), F
(364 K) and J (955 K) are able to remain thermodynamically
favored above 298 K. At temperature beyond T, the adsorp-
tion becomes unfavorable, thus reducing the formation and
stability of the adsorption of complexes. The van’t Hoff plots
also show the most stable adsorption complex across the
largest temperature range in i Complex J which is
PCA/ Bj;CaN;, with amine as the adsorption head. Even
though the adsorptions of PCA on both B )N, and
B;CaNj, are thermodynamically feasible (A,;G < 0) but
PCA has a higher adsorption preference on Bj;CaNj,
(AwsG = —1.30eV) than BsNjs (AwsG = —0.90eV). This
finding supports the previous discussion on the ability of
intercalated calcium ion in stabilizing adsorption complex
by attracting PCA to nanocage surface via its positive
charge.

0.003

0.004
UT (K

0.005 0.006 0.007

Van ’t Hoff plots for PCA/B1,N; and PCA/B,CaN; systems at different adsorption configurations.

3.3. Electronic properties

Electronic properties of PCA and adsorption complexes were
examined via frontier molecular orbital plots. In Fig. 1, the
frontier molecular orbital (FMO) plot of neutral PCA mole-
cule shows that the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
are mainly distributed for amine and thiol groups; carbonyl
and hydroxyl groups respectively which are the main sites
involved in the charge transfer for zwitterionic form. In the
absence of PCA interaction, the intercalation of calcium ion
in B;,Nj» nanocage has significantly altered its electronic fea-
tures as evidenced by the change in HOMO distribution from
an equal distribution across nanocage to a localized distribu-
tion at the displaced B-N bond (Fig. 2). Similar observation
was also reported in other work where the displacement of
HOMO and LUMO of Bi,Nj, fullerene was generated by
chemical disorder, thus forming potential reactive sites for
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external molecules. Likewise, the HOMO-LUMO energy gap
was also significantly reduced by more than half of its initial
value: 9.51 eV to 3.46 eV and 9.48 eV to 3.22 eV for aqueous
and chloroform environments, respectively. This indicates an
increase in the chemical reactivity and the electrical conductiv-
ity via calcium functionalization.

FMO plots in Fig. 5 indicate the hybridization of HOMO
and LUMO of PCA and B;;N/, nanocage during interaction.
The HOMO and LUMO are now mainly distributed over
B1»N;, nanocage and PCA molecule respectively which is
due to electron transfer from PCA molecule to B;,N;, nanoc-
age during interaction. The hybridization was also in tandem
with the increase in HOMO energies from —9.44 eV to the
range of —8.71 eV — —7.63 eV which subsequently reduces
the energy gap of the adsorption complexes. Similar hybridiza-
tion trend was also reported in other works using adsorbents
such as C,y (Alireza Soltani et al., 2020) and B,Nj;
(Hoseininezhad-Namin et al., 2020). Several LUMOs were
observed to have positive energies which indicate their anti-
bonding nature (Soltani et al., 2018). For PCA/ Bj,CaNy; sys-
tems, the electron transfers were more significant to the extent
of the hybridized LUMO being localized at the nanocage. The
close proximity of HOMO and LUMO in this system also
accounts for the significant reduction in energy gap that
improves its electronic interaction with PCA.

Tables | and 2 show the quantum molecular descriptors of
PCA, nanocage and adsorption complexes. By functionalizing
B{,N;, nanocage with calcium ion, a significant reduction
(range of 60%) in HOMO-LUMO energy gap has enabled a

JJ‘?)‘&
03,23

HOMO (State J)

LUMO (State J)

HOMO (State K) LUMO (State K)

FMO plots of PCA/B;,Ny» (A and E) and PCA/ B;,CaNj, (J and K) complexes.

more facile electron transition thus increasing its reactivity
for PCA interaction. This effect is reflected in the increase of
global softness (0.105 eV~' to 0.316 eV~' or 0.311 eV~') and
the decrease in global hardness (4.76 eV to 1.58 ¢V and
4.74 eV to 1.61 eV) and electronic chemical potential
(—4.69 eV to —2.89 eV and —4.70 eV to —2.94 eV) of
B1>CaNj, nanocage in the respective aqueous and chloroform
environments. Upon interaction, HOMO-LUMO energy gap
of adsorption complexes were also notably reduced within
the approximate range of 1% to 18%. This change would also
predict the increase in chemical reactivity of adsorption com-
plexes as reflected in the increase of global softness and the
decrease in global hardness and electronic chemical potential
values.

Some slight variations of quantum molecular descriptors
were also noted when adsorption configurations were altered.
During interaction, the hybridization of HOMO and LUMO
is very much dependent on the spatial arrangement of the
existing HOMO and LUMO. Therefore, a change in adsorp-
tion configuration would have spatial effect on the energy
gap (E,) which then results in variation of chemical properties
of the system. This spatial effect is only obvious when the
adsorption configuration change involves a sideways position
swapping between thiol-amine pair (HOMO region) and
carbonyl-hydroxyl pair (LUMO region) relative to the position
of B|,N, nanocage. Thus, a change in adsorption configura-
tion from amine (A) to thiol (D) group or vice versa has neg-
ligible change on the energy gap and their quantum molecular
descriptors as the HOMO-LUMO positions of PCA relative to
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Fig. 6 PDOS and TDOS plots for bare B;;N, (A), States A, B, E and F (B-E), B,CaN,; (F) and State J (G).

the HOMO-LUMO positions of Bj;N;, nanocage remain
unaltered. Similar observation was also noted if one were to
change the adsorption configuration between carbonyl (B)
and hydroxyl (C) groups. It is only when the change occurs
across these two pair groups then the HOMO-LUMO
hybridization is spatially affected and hence altering the chem-
ical properties of the adsorption complexes.

The total density of states (TDOS) and projected density of
state (PDOS, Fragments) for the selected adsorption configu-
rations (A, B, E and F) were performed and analyzed to fur-
ther realize the nature of the binding between the PCA and
the B|,N;, and B,CaN, nanocages are depicted in Fig. 6.
Projected density of state plots of first (nanocage) and second
(drug) fragments were represented with the respective red and
blue colors of determined systems. The vertical line shows the
position of the Fermi level (Er) and the edge of the valance
band. Different states of the PDOS precisely represent the
dependency of the electronic property of interaction systems
to the spectral adsorption position and orientation of PCA
interaction with the pristine and B;,CaN;, nanocages. In
Tables 1 and 2, significant changes have been happened in
the energy of the donor and acceptor states in complexes B
and G.

The electron localization function (ELF) topology of the
most stable interaction configurations was computationally
modeled. The ELF space contour maps for the PCA molecule
interacted with the BN, and B;,CaN,, nanocages are pre-
sented in Fig. 7. The ELF provides a good picture of the elec-
tron space delocalization between the adsorbate and adsorbent
(Hoseininezhad-Namin et al., 2020; Soltani et al., 2018). It
shows the jellium-like homogeneous electron gas and renor-
malizes the value between 0.00 and 1.00 herein the value 1.0
represents a strong localization (red areas) while 0.50 and
0.00 values attribute to free electron gas behavior (green areas)
and zero localization, respectively (Xu et al., 2018; Guo et al.,
2015). It is clear that a significant localization (red areas) of
electron happened between different functionalities (through
O or N atoms) of the PCA molecule and the B atom of the
B1>2N> nanocage upon adsorption which agrees on the forma-
tion of a covalent band between the two species (States A-D).
However, after Ca entrapment, the ELF topology of the
B2Nj» nanocage changes and creates a more localization
around the Ca atom which already shown formation of the
chemical bonds with B;,N, nanocage (state X and Y). Herein,
interaction of the PCA molecule through its amine group to
the B;,CaN;, nanocage even create a more reddish area
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(strong localization) at the area where the adsorption happens
(State J). This signifies Ca entrapment can enhance the binding
energy of the covalent bond formed between two species as evi-
denced earlier by the larger binding energy values.

3.4. Molecular docking

Molecular docking analysis was carried out to study the bind-
ing affinity of the PCA/B|;N;, and PCA/B,CaN;, bio-
nanostructures against the tumour necrosis factor alpha and
interleukin-1 receptor targets via the AutoDock (4.2) software
(Mohan and Yu, 2011; Shaki et al., 2020). To investigate the
inhibition mechanism of tumour necrosis factor alpha (TNF-
o) receptor, the optimized configurations (state E, J, A, and
PCA) were undertaken molecular docking in the binding
pocket of TNF-a receptor protein. The PCA (NH,)/B,Ny,
(State J) is found as the most potent inhibitor of the TNF-a
compared to other studied bio-nanostructures. The binding
energies of —10.3, —9.8, —10.7 and —7.5 kcal/mol were calcu-
lated for the state E, J, A, and PCA, —10.3, —9.8, —10.7 and
—7.5 kcal/mol, in the binding pocket of the docked protein
(Table 4). State J is stabilized in the binding pocket of tumor
necrosis factor alpha receptor by hydrophobic interactions
with different amino acid residues like Tyr119, Leul20,
Tyr59, Tyrl5 and Glyl21 in chain A and also Tyrl51,
Leul20, Tyr59, Tyr119 and Glyl21 in chain B. Moreover,

Length unit: Bohr

0 0
15 20 20
Length unit: Bohr

Length unit: Bohr

Electron Localization Function plots for bare B{,Nj, (A), States A, B, E and F (B-E) B;,CaNj, (F) and the State J (G).

the complex was bond with Ser60, GIn61 in chain A and
Ser60 in chain B via polar interactions. Furthermore, the com-
plex is stabilized in the binding pocket of receptor (PDB ID:
2AZ5) by five hydrogen bonds with the residues of protein
such as Tyrl51, Ser60, Leul20 where the hydrogen bond
lengths were 1.43 A, 1.63 A, 3.01 A, 3.29 A and 3.88 A respec-
tively. Previous study has proven that, amino acid residues
Tyr59, Tyrl51, Leul20, Ser60 and GIn61 were the key amino
acids in the active site of target (Aghaei et al., 2021) and the
obtained results demonstrated that the State J was bond with
analogous amino acid residues in the active site resulting in
the inhibition of the TNF-a receptor (Fig. 8A and B).

The computed binding energies of the States E, J, A, and
PCA in the binding pocket of the IL-1beta receptor protein
were —8.8, —8.1, —9.3 and —6.3 kcal/mol respectively
(Table 4). Furthermore, State J was stabilized in the binding
pocket of the target via hydrophobic interactions with differ-
ent amino acid residues like Ala51, Val52, Ile74 and Leu79
(Fig. 8C and D). Moreover, amino acid residues such as
Asp49, Glu50, Arg34, Lys53, Glu94 and Lys76 interacted with
the target via electrostatic interactions. The obtained results
show that State J interacted with the key amino acid residues
such as Arg34, Asp49 and Glu50 in the active site and result
in the inhibition of the IL-1 receptor. The complex was also
stabilized in the binding pocket of receptor (PDB ID: 2L5X)
by four hydrogen bonds with the residues of protein such as
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Table 4 Molecular docking simulations results

Compound TNF-a receptor (PDB ID: 2AZ5) IL-1 receptor (PDB ID:21.5X)

Binding energy(kcal/mol) K; (uM) Binding energy(kcal/mol) K; (uM)
State E —10.3 33 —8.8 7.8
State J -9.8 7.3 —8.1 8.4
State A —10.7 5.1 -93 6.3
PCA —7.5 10.7 —6.3 14.2

Fig. 8 Presentation of 2D (A, C) and 3D (B, D) models of interactions between PCA from its NH, group with B;;N;, and B;,CaN,
surfaces on TNF receptor (PDB ID: 2AZ5) and IL-1 receptor (PDB ID: 2L5X), respectively.

Arg34, Thr77 and Lys76 where hydrogen bond lengths were
3.06 A, 3.14 A, 1.94 A and 2.87 A respectively. The 3D model
for the binding mode indicated that the complex is buried in
the pockets of the IL-1 receptor (Fig. 8C and D). A compar-
ison of molecular docking calculations demonstrated that the
State A had high binding energy to the target molecule while
suggesting a strong binding with other potential targets and
inhibits more efficiently the active site of the protein than the
other states (Gong et al., 2018; Srivastava et al., 2020). Molec-
ular docking analysis shows that the State A could be a poten-
tial inhibitor of the TNF-a and IL-1 receptor at the binding
site. The inhibition constant Ki(uM) were also calculated
and represented in Table 4. It illustrates how potent the Sates
A and E are as an inhibitor where the lower the value of Ki the

higher the inhibiting character of the compound [80]. There-
fore, our studies reveal the inhibiting characteristic of the cal-
culated states as Sate A > Sate E > Sate J towards the TNF
receptor (PDB ID: 2E7A) and IL-1 receptor (PDB ID: 2L5X).

3.5. Drug likeness and ADMET prediction

We selected ligand molecules, and then analyzed them for
accepting to understand their compliance with Lipinski’s Rule
of Five. States A and J complied the standardized rule thus
were chosen to consider additionally (Table 5). As indicated
in Table 5, the majority of structures obey Lipinski’s “Rule
of Five”. The log P values for the states A and J were calcu-
lated to be —2.31 and —2.32 (unit), (Table 5) whereas the log
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Table 5 Drug-likeness properties of compounds.

Property MW log S log P HBA HBD Number of rotatable bonds Molecular refractivity TPSA  Drug likeness
ref - less than140 40-130 <=10 <=12 <=12 <=5 >-4

PCA 151 0.87 63 38.7 2 3 3 0.11 0.49

State A 449  0.54 128 176.1 4 2 14 -231 -=3.11

State E 447  0.61 63.3 176 4 1 14 —2.31 —4.06

State J 487  0.68 129 176.4 4 2 14 -232 -3.12

Abbreviations: MW as molecular weight; log S as logarithm of water solubility; log P as logarithm of compound partition coefficient between n-
octanol and water; HBA as number of hydrogen bonds acceptors; HBD as number of hydrogen bond donors; TPSA as topological polar

surface area.

Table 6 ADMET profile of compounds.

Compound BBB HIA Caco2 P-glycoprotein  CYP450- CYP450- CYP450- AMES Carcinogens Hepatotoxicity Acute oral Toxicity
inhibitor 2C9 2D6 3A4 (kg/mol)

ref - Non Non Non Ames Non- Non- Non- Non - - -
toxic carcinogen toxic inhibitor inhibitor inhibitor inhibitor

PCA 0.69 Non Non Non Ames Non Non Non Non No Yes No
toxic carcinogen toxic inhibitor inhibitor inhibitor inhibitor

State A 0.51 Non Non Non Ames Non Non Non Non No Yes No
toxic carcinogen toxic inhibitor inhibitor inhibitor inhibitor

State E 0.53 Non Non Non Ames Non Non Non Non No Yes No
toxic carcinogen toxic inhibitor inhibitor inhibitor inhibitor

State J 0.55 Non Non Non Ames Non Non Non Non No Yes No
toxic carcinogen toxic inhibitor inhibitor inhibitor inhibitor

Abbreviations: BBB: Blood Brain Barrier; HIA: Human Intestinal Absorption.

S values of —3.11 and —3.12 (unit) were determined for these
states, respectively. Furthermore, the log P and log S values
for the PCA were obtained to be 0.11 and 0.49 (unit), respec-
tively. The Topological polar surface area (TPSA) values for
the PCA increases from 63 to 128 (state A) and 129 (state J)
upon interaction of the PCA on the Bj;N;> and B{>CaNj,
nanocages. Herein, larger TPSA value is related with the least
permeability of the membrane and a compound is considered a
better sorbate for p-glycoprotein if its TPSA values get bigger
upon adsorption or any chemical process which is liable for
efflux of drug from the cell and conversely the reduced TPSA
value is beneficial for drug-like property (Srivastava et al.,
2020).

The oral bioavailability measures are implemented to the
whole tested systems, possessing lower than 10 rotating bonds,
thus they are less flexible in terms of configuration. The molar
refractivity of compound PCA is less than 130 and the others
have higher values. Topological polar surface area (TPSA),
i.e., the surface that belongs to polar atoms, is a describer hav-
ing a good correlation with passive molecular transfer via
membranes, such as BBB. All compounds possess TPSA val-
ues lower than 140 A, and the water solubility of all com-
pounds were taken as moderately soluble (see Table 5).
Additionally, selected molecules underwent the evaluation of
their potentiality for ADMET profiles (Table 6). High intesti-
nal absorption and low oral bioavailability were obtained in
the whole structures. All compounds had no Caco-2 penetra-
bility, while most of them are non-inhibitors of membrane
p-glycoproteins and all compounds cannot penetrate BBB.
Furthermore, most compounds were reported to be non-

inhibitor of CYP (CYP3A4, CYP2D6, and CYP2C9) as well
as non-AMES toxicity, hepatotoxicity and non-carcinogenic.

4. Conclusions

DFT calculations of penicillamine on pure and calcium
entrapped B,Nj|, nanocages were carried out in aqueous
and chloroform solvents. It was found that the adsorption of
PCA on Bj;N;, nanocages are in the chemisorption regime
and occurs via its four nucleophilic sites: amine, carbonyl,
hydroxyl, and thiol. The most stable adsorption configuration
was achieved when zwitterionic PCA adsorbs via its amine
group. Our results also reveal that PCA adsorption in a solvent
environment could be further stabilized by solvent of higher
hydrogen bond strength and polarity. These solvent—solute
bonds aided in reducing the partial charges of PCA and their
availabilities for electron acceptance. The functionalization
of BN, nanocage with calcium ion shows an enhanced sta-
bility and adsorption capacity of the PCA/Ca-B{,N;, complex.
The intercalated calcium ion was shown to attract PCA mole-
cules to nanocage surface via its positive charge. Our study
demonstrates that the adsorption energy of PCA is negative
in the exothermic process (State J), with values of —2.162 eV
in aqueous solvent and —2.230 eV in chloroform solvent.
The results exhibit that the PCA drug via their amine and car-
bonyl groups were covalently bonded to the nanocage surface,
whereas the hydroxyl and thiol groups represent weak interac-
tions due to noncovalent bonds between the two species.
Molecular docking study indicates that the state A has a good
binding affinity with TNF-o and IL-1 receptor protein recep-
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tors in comparison with the other compounds. The possible
survival of a compound in the later phases of developing drugs
was determined through in silico assay of absorption, distribu-
tion, metabolism, excretion, and toxicity (ADMET) as well as
drug-likeness. The obtained results of drug-likeness and
ADMET properties revealed that state A had good ADMET
properties relative to the others and had potential inhibition
of inflammation, which has the potential of extra optimization
as a key compound.
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