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Advancements in nanoscience have accelerated the development of nanomaterials as carriers for anticancer drug
delivery and sensors in clinical applications. Using Density Functional Theory (DFT) at the B3LYP-GD3(BJ)/6-
31G(d,p) level, this study evaluated the adsorption efficiency of pristine Cz4 and B12Nj2 nanocages alongside
hybrid nanocages (B12C¢Ng, BsCeN12, and C12BgNg) for the anticancer drug 5-fluorouracil (5-FU). Adsorption
energies ranged from —4.15 to —34.87 kcal mol ™, with hybrids exhibiting stronger binding than pristine cages.
Thermodynamic parameters confirmed spontaneous and exothermic adsorption, with Gibbs free energy changes
(AG) reaching as low as -21.89 kcal mol ! at 298 K. Modifying pristine nanocages into hybrids altered geometry,
increased dipole moments by up to 253 %, reduced energy gaps by 73.22 % (B12C¢Np) and 71.47 % (BgCgN12),
and enhanced reactivity. While pristine C24 and B12N12 showed minimal sensitivity to 5-FU, hybrids C12B¢Ng and
BeCeN12 demonstrated significantly higher electronic sensitivities (AEg = 31.31 % and 64.29 %), exceeding
previous reports. BgCgNy2 exhibited the strongest adsorption, forming a stable conjugated complex ideal for drug
delivery and detection in gas and solvent phases. Frontier molecular orbital (FMO), natural bond orbital (NBO),
and non-covalent interaction (NCI) analyses confirmed significant charge transfer (~ — 0.31e) and dominant van
der Waals interactions. UV-Vis and ADMP molecular dynamics simulations validated 5-FU binding stability,
revealing minimal structural fluctuations over 1000 fs in aqueous environments. These quantitative findings
highlight Bi2N12-based hybrids as promising smart carriers for 5-FU, encouraging further theoretical and
experimental development of advanced drug delivery systems.

1. Introduction

Cancer is a significant group of diseases that can originate in any
organ or tissue due to the uncontrolled growth of abnormal cells [1].
These cells can invade nearby body parts and spread to other organs, a
process called metastasis, which is the leading cause of cancer-related
deaths. Other common terms for cancer include neoplasia or malig-
nant tumor. Cancer is a significant global health issue and the second
leading cause of death, responsible for around 9.6 million deaths in
2018, or one in six deaths [2]. However, many cancers can be effectively
treated through surgery, radiation, or chemotherapy, especially when
detected early [3]. However, the effectiveness of anticancer drugs is
limited by their low selectivity for cancer cells and poor water solubility
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[4,5]. Furthermore, anticancer drugs can lead to side effects on healthy
tissues and organs [6,7]. 5-Fluorouracil (5-FU) is a heterocyclic com-
pound widely used to treat head, neck [8], colon, and breast cancers [9].
Its structure resembles the pyrimidine molecules found in DNA and
RNA, allowing 5-FU to interfere with nucleoside metabolism and inte-
grate into RNA and DNA, leading to cytotoxicity and cell death [10].
However, despite its anticancer efficacy, 5-FU can cause severe side
effects, including myelotoxicity, hand-foot syndrome, stomatitis,
neurotoxicity, chest pain, cardiotoxicity, low blood counts, and cogni-
tive impairment, which limit its clinical use [11]. This highlights the
urgent need for the development of nanocarriers that can reduce these
side effects while preserving the drug’s pharmacophoric properties.

In recent years, nanomaterials have gained significant attention as
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carriers for the 5-FU anticancer drug. To address the toxicity of anti-
cancer drugs, the scientific community has developed various strategies,
with one of the most popular being the design of drug delivery nano-
vehicles [12]. Nanomaterial-based delivery systems are significantly
impacting cancer immunotherapy due to their unique biological prop-
erties. Their high surface area to volume ratio, small size, and ability to
bind or adsorb anticancer agents make them highly effective. Among
various nanostructures such as nanodots, nanosheets, nanocages,
nanowires, nanocones, and nanotubes, nanocages stand out for their
spherical shape, reduced side effects, and increased sensitivity to drug
molecules, attracting substantial research interest [13,14]. Among
established drug carriers, fullerene-based nanomaterials stand out due
to their feasible synthesis and versatile structures [15-20]. Specifically,
heteronuclear fullerene-like structures, particularly group III nitrides,
have shown immense potential in drug design, chemical sensors, and
nanoelectronic devices, attributed to their exceptional stability and
impressive chemical and physical properties [21,22].

The physical, chemical, thermal, and electronic properties of carbon
and boron nitride fullerene-like nanostructures have attracted signifi-
cant academic interest, emphasizing the need for detailed assessments to
explore their potential applications [23,24]. These nanomaterials have
demonstrated considerable potential in various applications, including
drug delivery [25], energy storage [26], ion storage [27], catalysis [28],
gas sensing [29], and optoelectronics [30]. Several studies have
explored the potential of Cy4 fullerene for sensing and encapsulating
various pharmaceuticals, demonstrating its effectiveness in drug de-
livery and sensing applications [31,32]. Inorganic boron nitride
(B12N72) fullerene attracted interest after its synthesis through the arc-
melting method and analysis using LD-TOF mass spectrometry [33].
B12N12 nanocages are isoelectronic with carbon nanocages but differ due
to the ionic interactions between boron and nitrogen atoms [23,34].
Chukwuemeka et al. proposed that B;oNjo decorated with transition
metals could be a favorable carrier for 5-FU based on Density Functional
Theory (DFT) studies [35]. Soltani et al. studied the interaction of 5-ami-
novaleric acid (5-AVA) drug molecules with B15N;5 and B3gNjg nanoc-
ages, concluding that B;oNjp exhibited better suitability for drug
delivery [36]. Fatemeh Azarakhshi et al. studied the adsorption of sul-
fanilamide on B13N15 and Al;oNj» using DFT, concluding that B1aNj5 is
suitable for sulfanilamide delivery [37]. Padash et al. found that Al;5N15
had the best adsorption properties among Al;sNjo, AljoP12, B1aNy2, and
Bi2P15 for sulfamide drugs [38]. Cytotoxicity is a crucial factor in
developing nanomaterial-based drug delivery systems, as it directly
impacts their biological applications. Recent studies indicate favorable
outcomes for the cytotoxicity and biocompatibility of carbon and boron
nitride (BN) nanostructures [39,40]. Vishwakarma et al. have conducted
theoretical studies on how Cy4 nanocages interact with different drugs
[41]. Hosseinian et al. found that 5-FU had limited interaction with pure
Co4 fullerene, but replacing a carbon atom with boron greatly enhanced
adsorption [42]. Guo et al. performed experimental and theoretical
studies on boron nitride nanostructures and their substituted structures,
demonstrating the potential for melphalan drug adsorption [43].
Furthermore, numerous studies have shown that Bi3Nj, and its
numerous modified structures have the ability to adsorb various drugs,
including 5-FU [35,44], Sulfasalazine [45], Naproxen [46], Serine [47],
Fluoroquinolone [48], Metformin [21], Chlormethane [49], Amphet-
amine [50], Flucytosine [51], Emodin [52], Azacitidine [53], Mercap-
topyridine [54], Curcumin [55,56], Penicillamine [57], Favipiravir
[58,59], Allopurinol [60], Hydroxyurea [61-63], Gemifloxacin [64],
Ciprofloxacin [65], Isoniazid [66], 6-Thioguanine [67], Temozolomide
[68], Procarbazine [69], Ifosfamide [23,25], Dacarbazine [70], Sulfa-
salazine [71], Carmustine [72], and Nitrosourea [73].

These outcomes suggest that these nanocage have potential for
biomedical applications, including biosensing, bio-imaging, and tar-
geted drug delivery. Recently, various hetero-nanocages have been
investigated as promising drug delivery systems because of their
distinctive properties, including strong interactions with drug molecules

Diamond & Related Materials 161 (2026) 113095

[74-76]. Muz et al. explored C3gB15N15 hetero-nanocages as carriers for
favipiravir, while Hazrati et al. studied their potential for isoniazid de-
livery [75,77]. Theoretical studies by X. F. Fan et al. and Paul et al.
confirmed that C;2-BgNg and Cj2-AlgNg hetero-nanocages are energet-
ically stable [76,78]. Studies have shown that BgCgN13, C12B¢Ng, and
C12AlNg hetero-nanocages are energetically stable [76,79]. Celaya
et al. also explored the binding of melphalan to Cy4-based hetero-
nanocages, showing that substitution led to efficient adsorption [80].
Muktadir et al. illustrated that hetero-nanocages substituted with boron
and aluminum exhibit an enhanced capacity to encapsulate the drug
cisplatin [31].

The objective of this study is to identify materials with the most
effective drug-carrying and sensing capabilities for the 5-FU drug,
focusing on both pristine Czs and B12N12 nanocages, as well as their
heteroatom-doped variants (C12BgNg, BgCeN12, and B12CeNg). Initially,
we assessed the interaction between Co4 and 5-FU, which showed weak
adsorption. To enhance this interaction, we substituted C atoms in the
nanocages with B and N atoms. To investigate 5-FU bio-sensing,
fullerene-like heteronanocages (C12BgNg, B12CsNg, and BgCgN12) were
designed as nano drug carriers aimed at reducing the side effects of 5-FU
via carrier modification. By analyzing the geometric, electronic,
adsorption, thermodynamics, desorption, release mechanism and sta-
bility of the drug, nanocages, and their conjugated systems, this study
aims to identify a suitable adsorbent for 5-FU.We hope this study pro-
vides valuable insights into the drug delivery performance of
heteroatom-doped B+2Ni2 and its derivatives while also offering guid-
ance for developing more efficient boron-based nanomaterials for anti-
tumor drug delivery.

2. Computational methodology

This research extensively investigates the competence of pristine and
heteroatom-doped nanocarriers for adsorbing 5-fluorouracil (5-FU).
Density functional theory (DFT) calculations were conducted using the
Gaussian 16 program [81]to examine the adsorption, responsiveness,
and reactivity of pristine and hetero-nanocages toward 5-FU in gaseous
and solvent phase. GaussView 6.0.16 was utilized for visualization
purposes. The ground state optimizations of 5-FU, nanocages, and their
complexes were performed using the Becke—3 — Lee — Yang—Parr
(B3LYP) [82] exchange-correlation functional, combined with
Grimme’s third version of atomic pair-wise dispersion correction (D3)
[83] and Becke—Johnson (BJ) damping (B3LYP-GD3(BJ)), was applied
to account for long-range dispersion interactions during geometry
optimization. In all cases, the geometries were optimized using Pople’s6-
31G(d,p) double-zeta split valence basis set and followed by a single-
point energy calculation corrected for basis set superposition error
(BSSE) using the same basis set [84]. Frequency calculations were also
performed at the B3LYP-GD3(BJ)/6-31G(d,p) level to confirm that the
optimized geometries correspond to true local minima on the potential
energy surface. For solution-phase computations, the conductor-like
polarizable continuum model (CPCM) [85]with water as the solvent
was applied, using the same theoretical level as for gas-phase optimi-
zations. After optimizing the geometry is gas phase, thermodynamic
parameters, vibrational frequencies, charge transfer, molecular elec-
trostatic potential (MEP), and time-dependent DFT (TD-DFT) analyses
were conducted using the optimized geometries employed same theo-
retical method with 6-31 + G(d,p) basis set. The vibrational frequency
analysis confirmed that the structures were at a local minimum on the
potential energy surface [80]. The vibrational frequencies were scaled
using a factor of 0.9627 [86]. All systems examined in this study were
neutral (charge = 0 |e|) and stabilized in a singlet state (M = 2S + 1,
with S representing the total spin). To determine the stability of the
adsorbates and adsorbents, cohesive energy was calculated, as it is a key
indicator of system stability. The cohesive energy of the drug and pro-
posed adsorbent nanocages was determined using the following Eq.1
[29].
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1
ECohexive =3 (ET - bEB - CEC - n-EN - h-EH — OEO 7fEF) (])

Q

Here, Et represents the total electronic energy of the drug or nanocages,
while Q denotes the total number of atoms in the system. The total en-
ergies of isolated boron, carbon, hydrogen, nitrogen, fluorine, and ox-
ygen atoms are denoted by Ep, Ec, En, En, Eo and Eg respectively, with b,
¢, n, h, o and f representing the quantity of each atom in the structure.

The adsorption energies, E;qs of 5-FU on the surfaces of the nano-
materials were determined using Eq. 2 [87].

EAds = EComplex - Emmocuge - ES*FU +EBSSE (2)

Here, Ecomplex> Enanocage; and Es py denote the total electronic energies of
the combined complex, the nanocage adsorbent, and the 5-FU drug,
respectively. Egssg denote the basis set superposition error energy.

The deformation energy following drug adsorption is calculated
using Eq. 3 [88]:

Edef = EDrug/Nanocage in Conjugated Structure — EDrug/Nanocage in Free State (3)

Where Eprug/Nanocage in Conjugated Structure and Eprug/Nanocage in Free Sate
represents the total electronic energy of the drug or nanocage when it is

in a bonded (interacting) structure and free or isolated(non-interacting)
state.
The energy gap, Eg value is defined as Eq. 4;

E; = Erymo — Enomo @

The Eg value, representing the energy gap between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied mo-
lecular orbital (LUMO), is crucial for understanding electronic proper-
ties and reactivity.

To evaluate the electronic sensitivity (AEg) of the interaction be-
tween 5-FU and nanocages, we investigated the Eg values of all species.
The electronic sensitivity (AE,) for the interaction was calculated as Eq.
5

AEg _ (Egap(nanocage—SFU) - Egap(nanocage) ) « 100% (5)
Egap(nanocage)

Where Egapmanocage-5-Fu) represents the band gap of the interacting
complexes, and Egapmanocage) denotes the band gap of the nanocages.

Further, the charge transfer (Qcr) due to the interaction between 5-
FU and nanocages was calculated using the following equation:

Qcr = Q(nanocage—srv) — Q(sFv) (6)

Here, Qnanocage-5-Fu and Qs.py denote the charges of the interacting
complexes, and the isolated 5-FU drug molecule, respectively.

To evaluate the interaction between the drug and nanocages, and the
stability of the interacting complexes, we calculated thermodynamic
parameters at 298.15 K and 1 atm pressure [87]. GaussSum was utilized
to produce the density of states (DOS), providing information about the
electronic structures and orbital composition [89]. We used VMD soft-
ware to illustrate the non-covalent interactions(NCI) of the drug-
nanocage complexes [90]. Moreover, Multiwfn 3.7 software was used
for reduced density gradient (RDG) analysis [91]. These methods pro-
vide detailed insights into charge distribution, orbital characteristics,
and the nature of non-covalent interactions of drug-nanocage com-
plexes. Atom Centered Density Matrix Propagation (ADMP) molecular
dynamics simulations were employed to analyze the stability of 5-FU
nanocages complexes.

3. Results and discussions
3.1. Geometrical and adsorption site analyses

The stable conformer of the 5-FU drug and nanocages (Ca4, B12N12,
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C12BeNg, BeCgN1s, B12C¢Ng) was optimized at the ground state
employing B3LYP-GD3(BJ)/6-31G(d,p) theory. Fig. 1 shows the most
stable optimized geometries and the MEP for the nanostructures
analyzed in this study. The 5-FU molecule, a heterocyclic aromatic
organic compound, contains 12 atoms and resembles the pyrimidine
structures found in DNA and RNA. The calculated length of the C4-F10
bond is 1.338 A, which closely matches the experimental value of 1.348
A as reported in previous studies [92]. Similarly, the calculated bond
lengths for C1-07 (1.216 A) and C3-N2 (1.405 10\) are in good agreement
with the experimental values of 1.233 A and 1.408 A, respectively
[93,94]. Additionally, the observed atomic charges for 07, 09, and F10
in 5-FU are —0.566 e, —0.617 e, and — 0.311 e, respectively. The
cohesive energy was found to be —6.33 eV per atom, citing its energetic
stability. The neutral 5-FU molecule has a dipole moment of 3.89 Debye,
consistent with the findings of Ogunwale et al. of 4.125 Debye [95]. This
indicates an asymmetric charge distribution within the molecule.
Furthermore, the calculated HOMO and LUMO energies of 5-FU are
—6.79 eV and — 1.39 eV, respectively, resulting in an energy gap of 5.40
eV. These values are consistent with the findings of Wei-Ming Sun et al.,
who reported HOMO and LUMO energies of —6.97 eV and — 1.62 eV,
with a gap of 5.35 eV [96].

The adsorbents under investigation for 5-FU adsorption consist of 24
atoms, arranged into six 4-membered rings and eight 6-membered rings.
The Cy4 nanocage, with m3m (Op) [31]symmetry, features C—C bond
lengths of 1.50 A in the 4-MRs and 1.38 A in the 6-MRs. Previously re-
ported bond lengths were 1.39 A for the 4-MRs and 1.37 A for the 6-MRs
[53]. The B12Nj2 nanocage features a uniform arrangement of boron and
nitrogen atoms and exhibits T, symmetry [97,98], and B—N bond
lengths of 1.48 A in the 4-MRs and 1.44 A in the 6-MRs. The bond
lengths analyzed in this study align with those reported in previous
works [31,97,99]. Both Cy4 and B12N;2 nanocages exhibit zero dipole
moments due to their uniform charge distribution, as confirmed by MEP
analysis. The energy gaps for Cp4 and B12Nypo are 2.55 eV and 6.87 eV,
consequently, in agreement with earlier research [33,97]. The hetero-
nanocage C;2BgNg was formed by modifying the Cy4 nanocage,
substituting 12 carbon atoms with six boron atoms and six nitrogen
atoms. The C;5BgNg hetero-cage contains two specific regions, one is the
Cy2 site and the other is BgNg site, and features four types of bonds: C—C,
B—N, B—C and C—N, found in both 4-MRs and 6-MRs rings. The lowest-
energy structure of the C;5BgNg hetero-fullerene investigated here re-
sembles those reported by Fan et al., which also lack of two other bonds
B—B and N—N [76]. In the Ty, symmetric B152N;5 nanocage, six boron
atoms were substituted with six carbon atoms to form the BgCgNipa
nanocage. The BgCgN712 nanocage, identified as the most stable C1
symmetric structure, includes five distinct bond types: C—C,B-N, C—N,
N—N, and B—C [80]. Six nitrogen atoms in the Tj, symmetric B1oN7y
nanocage were replaced with carbon atoms to form the B;2C¢Ng nano-
cage, as previously noted [80]. The studied isomer examined here in-
cludes two unique B—N and C—N types of sites. This is one of the most
stable isomers among the 50 B;2C¢Ng nanocage isomers, with parame-
ters aligning with previous studies [31,76,79,80,100,101]. The cohesion
energies (Econ) of the studied complexes were calculated to evaluate
their stable conformations. These energies, presented in Table 1 for all
examined complexes in both gas and water phases, are notably negative,
confirming the stability of the complexes. In this study, the calculated
cohesive energy of Ci2BsNe is —6.92 eV, compared to the previously
reported value of —7.673 eV [76].

According to electronegativity analysis (based on the negative value
of chemical potential), the electronegativity values for carbon, boron
and nitrogen are 2.55, 2.051 and 3.066, respectively [31]. As a result,
the electronegativity difference for Cy4 is zero, while it is non-zero in
other cases, suggesting an increase in ionic character after substitution.
All adsorbents exhibit positive frequency modes that signify their sta-
bility, as evidenced by the analysis of IR vibrational frequencies pre-
sented in Table 2 (The smallest and largest values for the vibrational
frequencies).
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c12BGNG

BGCGN12

B12c6N6

Fig. 1. The optimized Geometries and Molecular Electrostatic Potential (MEP) of 5-Flurouracil (5-FU) and nanocages.

Table 1

Adsorption Energy, Eags and Basis set superposition error energy, Epssg in kcal mol!; Deformation energies for drug and nanocages, Eqef(prug) and Eqef(cage) respectively
in keal mol~!; Cohesive energy per atom, Ecopesive in €V and Nanocages-Drug contact distance (d) in angstroms (A) at the gaseous phase.

Structure State Eads Egssg Edef(Drug) Edet (Cage) Ecohesive d

5-FU —6.33

Ca4 -8.10

C24@5FU s1 -5.85 -3.99 0.05 0.09 3.26

Co4@5FU S2 —6.54 —4.08 0.04 0.01 3.14

B1oNjo -7.39

B12N;,@5FU S —28.82 -23.73 5.85 19.66 1.56

B12N12,@5FU So —26.89 —21.95 4.70 18.79 1.56

C12BgNg —6.92

C12BsN¢@5FU S —28.25 —25.42 6.95 19.18 1.56

C12BsNg@5FU So —15.17 —23.65 3.16 13.33 1.63

BsCoN12 —6.93

BeCeN12@5FU S1 —38.94 —33.49 10.00 20.56 1.52

BeCgN12@5FU Ss —34.25 —27.33 5.97 21.19 1.50

B12C6Neg —6.92

B12,CgNg@5FU S —30.55 —23.10 6.11 20.22 1.56

B12C¢Ng@5FU Ss —28.62 —9.33 4.92 19.37 1.63
Table 2 out using the B3LYP-GD3(BJ)/6-31G(d,p) level of theory. Additionally,

able

Thermodynamic parameters; enthalpy change, AH in kcal mol~'; Gibbs Free
energy change in kcal mol™!, AG; entropy change, AS in kcal mol™*. The
smallest (vsm,) and longest (v1g) peak location at vibrational frequency modes in
em™! at gas phase.

Structure State AH AG AS Vsm vig

5-FU 112.11 3522.31
Cas 374.55 1556.19
Co4@S5FU S1 —4.15 5.40 —0.032 8.41 3479.77
C24@5FU S2 —5.51 2.55 —0.027 13.02 3521.10
B1oNpo 313.27 1398.49
B12N12@5FU Sy —19.03 —7.61 —0.038 16.84 3460.35
B12N;2,@5FU Sy -17.07 —5.69 —0.038 19.07 3499.95
C12B6Ng

C12BeN6@5FU Sy -31.35 —18.50 —0.043 19.47 3459.86
C12BgNg@5FU Sy —0.37 —0.18 —0.001 20.56 3498.14
BsCeN12

BsCsN12@5FU Sy -34.10 —20.91 —0.044 14.42 3497.21
BsCeN12@5FU Sy —34.87 —21.89 —0.044 20.70 3501.59
B12CeNe

B12CsNe@5FU Sy —28.25 —15.35 —0.043 19.31 3460.77
B12CsNe@5FU Sy —22.34 —10.08 —0.041 12.32 3499.62

The interaction mechanism is crucial for a drug-carrier system. To
determine whether B15N;5 and its C, B, N-doped nanocages can serve as
carriers for the 5-FU drug, geometry optimizations of Cy4 and its
heteroatom-doped nanocages, along with the 5-FU drug, were carried

the interaction mechanism between 5-FU and these nanocages was
explored by analyzing their active sites through MEP and Frontier mo-
lecular orbitals (FMO). MEP and FMO analyses can both qualitatively
and quantitatively identify the electrophilic and nucleophilic regions in
5-FU and heteroatom-doped nanocages. MEP analysis shows(see Fig. 1)
the electrostatic potential on the surface of the drug, where more posi-
tive areas indicate a higher likelihood of nucleophilic reactions, while
more negative areas suggest electrophilic reactions. FMO analysis re-
veals the drug’s active sites based on orbital energy. The HOMO is
associated with electrophilic reactions as it tends to lose electrons, while
the LUMO relates to nucleophilic reactions by accepting electrons. The
results from Fig. 1 indicate that the oxygen (O) and fluorine (F) atoms of
the 5-FU drug act as sites for electrophilic adsorption, while the other
atoms participate in nucleophilic adsorption. The di-keto form is the
most energetically stable tautomer of 5-FU [102]. The two carbonyl
oxygen atoms represent the most negative regions, as illustrated by the
MEP plot in Fig. 1. These oxygen atoms exhibit the strongest interaction
with boron atoms, making this orientation the most stable configuration
for adsorption [103]. For the Cy4 and its hetero-atom-doped nanocages,
including B12N12, B12C6N6, C12B6N6, and B6C6N12, the nucleophilic sites
are the boron (B) atoms, except in the case of the Ca4 nanocage, where
this is not applicable. The electrophilic sites are primarily the nitrogen
(N) atoms. Therefore, it can be inferred that the 5-FU drug likely adsorbs
to the B atoms of the nanocages via its O or F atoms, or interacts with the
N atoms through its hydrogen (H) atoms. Several arrangements of the 5-



M.A. Matin et al.

FU drug were analyzed to identify the minimum energy structure,
leading to the determination of the most favorable configurations for 5-
FU@B12N15 and its heteroatom-doped complexes (Fig. 2). Several initial
configurations were tested, including parallel and perpendicular orien-
tations, as well as different docking sites where functional groups of 5-
FU could interact favorably with the nanocage surface. All configura-
tions were optimized, and the most stable adsorption geometries were
identified based on their adsorption energies and structural stability, as
illustrated in Fig. S1. This approach ensures that the reported adsorption
structures represent the most favorable and physically meaningful in-
teractions between 5-FU and the nanocages.

In the evaluated structures, including S1 and S2 (Fig. 2), 5-FU in-
teracts with the adsorbents mainly through the oxygen atom in the
carbonyl group, located on the benzene ring opposite the fluorine atom
or directly via the carbonyl oxygen.

3.2. Analysis of adsorption and thermodynamic properties

This research explores adsorption dynamics of the 5-FU drug on the
prospective heteroatom-doped nanocages by evaluating adsorption en-
ergy and thermodynamic parameters, as shown in Tables 1 and 2, to
identify the most effective adsorbents. The findings aim to determine the
optimal nanocage for SFU drug adsorption. Two distinct geometries, S1
and S2, were considered for each nanocage, based on alignment,
adsorption energies, and thermodynamic stability (see Fig. 2). Figs. 1
and 2 demonstrate oxygen and fluorine atoms are highly susceptible to
nucleophilic attack by the 5-FU drug due to their electron-rich nature.
The basis set superposition error (BSSE) arises from artificial stabiliza-
tion of a complex due to overlap of basis functions from interacting
fragments. To ensure accurate adsorption energies, we applied the
Boys-Bernardi counterpoise [104] correction to quantify and remove
this error, providing reliable interaction energies. The most stable
orientation of Co4@5FU exhibited an adsorption energy of —6.5 kcal
mol !, which is corrected to —4.08 kcal mol ! for basis set superposition
error (BSSE). However, adsorption studies revealed that Cyp4’s adsorp-
tion capacity for the 5-FU molecule is inadequate. The B15N;5 nanocage
was designed to enhance adsorption by replacing the carbon atoms in
Ca4 with boron and nitrogen. A naturally occurring pyrimidine nucleo-
base with oxo groups at positions 2 and 4 on the pyrimidine ring. The
low-energy structures indicated that when the two nitrogen-containing
hexagonal rings of 5-FU interact with the boron site on B;3Njo, a sta-
ble interaction energy of —28.82 keal mol ™! (BSSE corrected to —23.73
keal mol ™! in the S1 geometry with the original di-keto group) is ach-
ieved. This interaction is more stable than the one reported by Jaban
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et al. for 5-FU and boron nitride nanocage, highlighting the superior
reactivity of B1aNj5 fullerenes compared to its other geometries [102].
Among the hetero-nanocages, the B¢CgN15 nanocage displays the most
robust and suitable interactions with the 5-FU drug of S1 and S2 con-
figurations. The interaction between the carbonyl oxygen site of 5-FU
and the carbon/boron/nitrogen surface of BgCgN12 results in the most
favorable interaction. This study reveals a maximum adsorption energy
of —38.94 kcal mol '(—33.49 kcal mol~! BSSE corrected) for 5-FU
interacting with the BgCg¢Np2 nanocage. In comparison, the Cj3BgNg
and B15,C¢Ng nanocages show maximum adsorption energies of —28.25
kcal mol~1(—25.42 keal mol ! BSSE-corrected) and — 30.55 kcalmol !
(—23.10 kealmol ™! BSSE corrected), respectively. We have also calcu-
lated the adsorption energies (E,4s) employing several combinations of
exchange-correlation functionals and basis sets: B3LYP-D3(BJ)/6-31G
(d), B3LYP-D3(BJ)/6-311++G(d,p),M06-2x/6-31G(d,p), MO06-2x/
6-311++4G(d,p), and ®B97XD/6-311++G(d,p). The comparative
analysis showed consistent trends across all tested levels, with only
minor variations in adsorption energies, confirming the robustness of
our computational approach. The corresponding results are included in
the Supporting Information (see Table S1).

Adsorption energies indicate that interactions can be classified as
chemical or physical adsorption, depending on whether values exceed or
fall below +1 eV (23 kcal mol’l), [105] as shown in Table 1. Out of the
five adsorbents, only the BgC¢Ni5 nanocage demonstrates substantial
chemisorption in both configurations, indicating its superior adsorption
capacity for 5-FU over the other nanocages.

Thermodynamic parameters, such as enthalpy change (AH), entropy
change (AS), and Gibbs free energy change (AG), were determined
298.15 K and 1 atm. These calculations were conducted to explore the
reaction mechanism 5-FU drug with the nanocages to evaluate the en-
ergy changes related to work and heat transfer. Analyzing these ther-
modynamic parameters provides insight into assessing if a reaction is
endothermic (AH > 0) or exothermic (AH < 0). Additionally, changes in
Gibbs free energy reveal whether the interaction is spontaneous (AG <
0) or non-spontaneous (AG > 0). The negative enthalpy changes confirm
that the reaction between 5-FU and the nanocages is exothermic. Most
reactions show negative AG values, indicating spontaneous interactions,
except for the Cy4@5FU conjugated structures, which display non-
spontaneous behavior due to weak bonding. The decrease in entropy
associated with the formation of bonded structures is advantageous, as
shown in Table 2.

The moderate adsorption values indicate bond stability between the
absorbed material and the substrate in the gas phase at room tempera-
ture. The confirmation that the 5-FU-adsorbed complexes attained an
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Fig. 2. Optimized geometries and molecular electrostatic potential (MEP) maps of conjugated complexes. The isovalue of 0.0004 electron/Bohr® is used to construct

the MEP surfaces.
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equilibrium point on the potential energy surface (PES) was based on the
analysis of stability, vibrational infrared (IR) frequencies, and spectra
(Fig. S5). After verifying the convergence criteria and positive frequency
modes, it was determined that the conjugated geometries reached to
minimum energy structure on the potential energy surface.

3.3. Analysis of electronic properties

The introduction of foreign atoms in triatomic hetero-nanocages
disrupts uniform atomic distribution and generates dipole moments,
demonstrating the effects of the substitution. This research explores the
electronic characteristics of the systems by examining FMOs to assess
their sensitivity, reactivity, electron distribution, and energy gaps. The
calculated electronic parameters as presented in Table 3 and Figs. 3 and
4 illustrate the significant differences between the energy levels of the
HOMO and LUMO.

Table 3 indicates that varying the proportions of carbon, boron, and
nitrogen influences the energy levels of the HOMO and LUMO. These
modifications also influence the energy difference between the HOMO
and LUMO of the adsorbent nanocages. The calculated HOMO-LUMO
gap, Eg of the nanocages C24, B]zN]z, C12B6N6, B6C6N12, and B12C6N6
were 2.55 eV, 6.87 eV, 3.13 eV, 1.96 eV, and 1.64 eV, respectively.
These values are consistent with the previously reported calculations by
Palash et al. [53] which listed values of 2.53 eV, 6.85 eV, 3.14 eV, 1.95
eV, and 1.83 eV. The B;3N;2 nanocage exhibits the highest HOMO en-
ergy level of —7.72 eV, whereas Cz4 shows a HOMO energy of —5.90 eV.
Similarly, the LUMO energy of B1oN15 is —0.85 eV, compared to —3.35
eV for Cz4. Introducing C, B, and N atoms into the B;sNj2 nanocage leads
to notable modifications in the HOMO-LUMO energy levels. In the
C12BeNg nanocage, the HOMO energy decreases to —5.32 eV, while the
LUMO energy increases to —2.48 €V, resulting in a narrowed HOMO-
LUMO gap of 2.84 eV and a Fermi level shift to —3.90 eV. Similarly,
in the BgCgN12 nanocage, the HOMO energy drops to —4.97 eV, and the
LUMO energy rises to —3.01 eV, reducing the HOMO-LUMO gap to 1.96
eV, with the Fermi level positioned at —3.90 eV. The observed changes
in energy levels upon 5-FU adsorption on hybrid nanocage surfaces are
primarily due to the stabilization of the LUMO and the destabilization of
the HOMO. These shifts reflect electronic density redistribution and
interactions between the adsorbate and the nanocage. For the B12C¢Ng
nanocage, the HOMO energy decreases to —6.35 eV, while the LUMO
energy increases to —4.51 eV, resulting in a narrowed energy gap of
1.84 eV and a Fermi level of —5.43 eV. The electronic properties of 5-FU
interacting with nanocages and heteroatom-doped adsorbent complexes
were analyzed in detail, focusing on the HOMO and LUMO as illustrated
in Figs. 3 and 4. Significant alterations in the HOMO and LUMO energy
levels were observed following drug adsorption onto the nanocages, as

Table 3
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shown in Fig. 4. The reduction in HOMO energy lowered the ionization
energy, enhancing electron mobility upon 5-FU adsorption. Initially, the
HOMO and LUMO orbitals were evenly distributed across the drug
molecule. After adsorption, however, the orbital distribution on the
nanocage complexes became uneven as a result of charge transfer. Post-
adsorption, the HOMO remained evenly distributed across the molecule,
while the LUMO became predominantly localized on the 5-FU, with
partial distribution shared between the adsorbent and the drug. Notably,
the energy gap diminishes following the adsorption of the 5-FU mole-
cule, as detailed in Table 3. The E4 energy gaps decreased after the
adsorption of 5-FU on the nanocages, resulting in values of 2.46 eV, 4.56
eV, 2.84 eV, 1.57 eV, and 1.80 eV for the Cy4@5FU, B15N;2@5FU,
C12BeNg@5FU, BgCgN12@5FU, and B12CeNg@5FU complexes(S1 posi-
tion), respectively. In particular, the energy gap of the conjugated
structures decreases by as much as 43 % and 64 % for the B1oN75 and
BsCeN12 nanocages, respectively, following 5-FU drug adsorption. In
contrast, the adsorption of the azacitidine drug on these nanocages
resulted in a decrease of 24.20 % and 42.70 %, respectively [53]. This
reduction is the largest change in the energy difference noted in this
study, emphasizing the impact of adsorption on the energy gap. A
decrease in the Eg improves the responsiveness and conductivity of the
nanostructures. The equation provided below illustrates the correlation
between conductivity and variations resulting from substitution and the
adsorption of the 5-FU drug [106].

o = AT2e(Fs/%s7) %)

Here, conductivity is denoted by o, Kp represents Boltzmann’s constant
(2.0 x 1072 kcal mol? K’l), T is the temperature in Kelvin, and A is a
constant with units of electrons m~3 K'¥2, According to Eq. (7), the
conductivity of the nanocages was calculated based on their energy
gaps, and the results are summarized in Table S2. Nanocages such as
B12Ni12, BsCgNi2, and B13C¢Ng exhibit tunable conductivity changes
upon adsorption of drugs like 5-fluorouracil, enabling sensitive and se-
lective detection. Among them, B¢CgN12 shows the highest conductivity.
The magnitude of conductivity change correlates with the amount of
adsorbed drug, providing a basis for real-time monitoring in biomedical
applications. The systems analyzed in this study exhibit increased con-
ductivity, especially after the substitution and adsorption of the drug.
This suggests that changes in the energy gap are crucial for detecting 5-
FU drug molecules with adsorbents, as they lead to the origination of an
electrical signal.

3.4. Work function

Furthermore, when developing a drug-sensing device, it is important
to take into account the Fermi level (Er) and work function (®) of a

HOMO energy, Ey in eV; LUMO energy, Ey in eV; energy gap, E; in eV; change in energy gap, %AE,; Fermi level energy, Ep, in eV, work function, @, in eV; Changes in
work function, % ® and Natural bond Orbital (NBO) charge transfer, from adsorbate to the adsorbent, Qngo in e unit at gas phase.

Structure State Ey Ep Eg %AEg Ep [ %P QnBo
5-FU —6.79 -1.39 5.40 —4.09 4.09

Ca4 -5.9 -3.35 2.55 —4.63 4.63

Ca4@5FU S1 —6.04 —3.58 2.46 3.53 —4.81 4.81 4.00 0.004
C24@5FU S2 —5.79 —3.28 2.51 1.57 —4.54 4.54 1.95 —-0.017
B12Np2 —7.72 —0.85 6.87 —4.29 4.29

B12N;,@5FU Sy —6.94 —2.38 4.56 33.62 —4.66 4.66 8.75 —0.268
B12N;2,@5FU Sy —6.75 —2.84 3.91 43.09 —4.80 4.80 11.90 -0.272
C12BgNg —5.87 —2.74 3.13 —4.31 4.31

C12BsNs@5FU Sy —5.32 —2.48 2.84 9.27 -3.90 3.90 9.41 —0.276
C12BgNg@5FU Sy —5.12 -2.97 2.15 31.31 —4.05 4.05 6.04 -0.279
BgCgN12 —4.97 -3.01 1.96 -3.99 3.99

BCeN12@5FU Sy —4.16 —2.59 1.57 19.90 —3.38 3.38 15.41 —0.268
BsCgN12@5FU Sy —4.01 -3.31 0.70 64.29 —3.66 3.66 8.27 —0.169
B12C¢Neg —6.35 —4.51 1.84 —5.43 5.43

B12CsNe@5FU Sy —5.74 —3.94 1.80 217 —4.84 4.84 10.87 —0.258
B12CeNe@5FU Sy —5.33 —3.54 1.79 2.72 —4.44 4.44 18.32 —0.308
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Fig. 3. Three-dimensional maps of the HOMO-LUMO electron distribution of 5-Flurouracil and nanocages with isovalue 0.02 a.u.
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Fig. 4. Three-dimensional maps of the HOMO-LUMO electron distribution of the complexes with isovalue 0.02 a.u.

system. The work function represents the minimum energy required to
remove an electron from the material’s surface. The adsorption of 5-FU
drug affects the energy gap of the material’s surface, which in turn in-
fluences the work function. Variations in the work function can provide
deeper insights into the responsive mechanism. The Fermi level and
work function are related by the following equation [105,107,108].

O = Vel(+oo) —Er ®

Here, the electrostatic potential of the material is indicated as Vej(+ o),
which is considered be zero. Consequently, Eq. (8) simplifies to ® = —E,
where Ep denotes the Fermi-level energy. Furthermore, Dushman’s
study suggested that fluctuations in the work function affect the surface
current densities, subsequently altering the field emission properties.
The Richardson-Dushman equation is utilized to examine the relation-
ship with the work function and current density [106].

j=AT?e /%D )

Here, A signifies the Richardson-Dushman constant, Kp refers to

Boltzmann’s constant, and T represents the temperature in Kelvin.

The current density of nanocages is highly sensitive to surface in-
teractions, making it an important parameter for drug sensing.
Adsorption of drugs such as 5-fluorouracil onto nanocages like B1sNjo,
BeCsN12, and B13CgNg alters the local electron distribution and elec-
tronic structure, leading to measurable changes in current density. These
changes, directly linked to variations in electrical conductivity, serve as
quantitative signals for drug detection. Using Eq. 9, the current densities
of the adsorbed nanocages were calculated and are presented in
Table S2. Among the studied systems, B¢CgN12 exhibits the highest
current density, reflecting superior charge transport, sensing sensitivity,
and faster response. The magnitude of the current density change cor-
relates with the amount of adsorbed drug, enabling selective and real-
time monitoring.

The adsorption of the 5-FU drug on various hybrid nanocages mod-
ifies the Egomo and Epymo energies, which in turn impact the work
function (®). In this work, the computed ® values and the corresponding
variations in work function (A®) after adsorption are listed in Table 3.

The work function of hetero-nanocages notably diminishes following
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the adsorption of 5-FU. Among them, the 5-FU-adsorbed BgCgNia
nanocage displays the lowest work function, accompanied by a sub-
stantial change (A®) of 15.41 %. According to Eq. 9, as the work
function decreases, the current density increases. This analysis indicates
that developing a work function-based sensor utilizing these hetero-
nanocages for 5-FU detection is practical.

3.5. Assessment of NBO, MEP, and charge transfer

Natural bond orbital (NBO) analysis clarifies the intra- and inter-
molecular interactions of filled and virtual orbitals, hybridization, and
charge transfer arising from adsorbate-adsorbent interactions. NBO
calculations employ the Fock matrix, a one-electron effective energy
operator, to analyze NBO interaction energetics. The construction of
bonding and antibonding natural orbitals between atoms x and y is
mathematically represented through quantum mechanical equations
that define these orbital interactions [97].

Yy = oo + Cypy (10)
‘I/xy = Cx@p +Cypy 1D

Where ¢, and g are the atomic orbitals of atoms x and y accordingly,
and cyandcyare coefficients that account for the contribution of each
atomic orbital to the molecular orbital.

The localization degree of an atom is quantified by squaring the
polarization coefficient, with larger values indicating higher electro-
negativity for that specific atom [97]. Moreover, the stability of mole-
cules or complexes, which is influenced by electron delocalization, is
directly related to the second-order perturbation energy E, commonly
known as the stabilization energy [106]. This relationship helps to assess
the strength of interactions within molecular systems and their overall
stability.

Fi? (12)

E? =g

In this equation, qirepresents the occupancy of the donor orbital, Fj; is
the off-diagonal element of the NBO Fock matrix, and E;j and E; denote
the energies of the NBO orbitals. Supplementary Table S4 presents the
calculations of key intermolecular NBO second-order interaction en-
ergies, as well as the occupancy rates and proportions of hybrid orbitals
for both donor and acceptor. Intermolecular stabilization energies were
reported solely for values exceeding 0.05 kcal mol. The Stabilization
energy E® indicates the strength of donor(i)-acceptor(j) interactions
arising from n — ¢* or 6 — ¢* charge transfers. According to Table S4,
for the Cy4@5FU S1, the E? value is 1.71 keal mol™! for notable transi-
tions include ¢ (C1-C17) — 6*(N31-Hsg). For B1aN12@-5FU S1 complex,
the E? value is 90.87 kcal mol~! for LP (1) N3; — 1%(2)C25-Os3s. The
highest value of E? for C12BgNg@-5FU S1 is 199.11 keal mol ! for LP(3)
Os3(spU) — LP*(3)Bs and for BgCsN12@-5FU S1 199.05 keal mol ™! for LP
(1)C; — LP*(1)By;. For the complex B12CgNg@-5FU S1, the E? value is
301.08 kealmol ! for LP(1)N;3 — BD*(2)B4-O33. The most significant
intermolecular donor-acceptor transition observed in this study occurs
in the B12CsNe@-5FU S1 conjugated geometry, where the transition LP
(1)N;3 — BD*(2)B4-O33 has a stabilization energy of 301.08 kcal mol 1.

The charge difference among the natural bond orbitals of the 5-FU
drug and the hetero-atom-doped nanocage was estimated using the
Qnpo parameter, as presented in Table 3. The NBO assessment illustrates
that the uncharged 5-FU drug carries no overall charge. In contrast, in
the bonded S2 geometry of B13C¢Ne@5FU, the 5-FU drug displays a
charge of +0.308 e, demonstrating its donor characteristics. Table 3
further indicates that in every complex structure, 5-FU serves as a donor
while the nanocages function as charge acceptors. This analysis of
charge transfer is supported by molecular electrostatic potential (MEP)
maps, which depict regions of both high and low electron density. In the
MEP illustrations, blue (Figs. 1 and 2) represents positive electrostatic
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potential, while yellow and red indicate negative electrostatic potential.
The MEP maps reveal a stronger blue hue upon the 5-FU region in the
bonded complexes as compared with the neutral molecule, suggesting
that 5-FU becomes electropositive upon adsorption.

3.6. Dipole moment analysis and quantum molecular descriptors

As shown in Table 4, the dipole moment of the 5-FU molecule before
adsorption is 3.89 Debye (D), highlighting its polar nature. Dipole mo-
ments were calculated for pure Cp4, B1aNj2, and hetero-atom-doped
nanocages C12BgNg, BsCoN12, and B12CeNp, as well as their 5-FU nano-
complexes. The symmetrical structure of the pure Cps and Bi2Naz
nanocages results in a dipole moment of zero. Introducing B, C, and N
atoms into the B12N12 nanocage increases its dipole moment from zero to
arange of 0.50 to 2.53 D. This increase is due to the disruption of charge
symmetry caused by the presence of these heteroatoms. For 5-FU
adsorbed onto heteroatom-doped Bi2N1> nanocages, the dipole mo-
ments range from 3.48 to 13.04 D. The observed change in dipole
moment upon 5-FU adsorption results from charge transfer between the
drug and the nanocages, causing a larger separation between the centers
of positive and negative charges in the complex compared to the isolated
system. As a result, the dipole moment of the complex increases.
Furthermore, the increased dipole moment indicates that adsorption on
the nanocage surface may improve the efficiency of drug transport
within the body. The most pronounced change in dipole moment occurs
when 5-FU is adsorbed onto the B¢CgN12 nanocage (13.04 D), while the
C24@5FU complex exhibits the smallest change in dipole moment (3.48
D). The incorporation of B, C, and N atoms to the system not only raises
the dipole moment of the complex but also notably boosts the dipole
moment of the drug molecules within it. This finding highlights the
beneficial role of B, C, and N doping in promoting drug transport. The
trend in dipole moment of 5-FU complexes follows the order:
BgCsN12@5FU > B13CgNg@5FU > C13BgNg@5FU > B1oN12@5FU >
Co4@5FU.

This study also analyzed various quantum molecular descriptors to
improve comprehension of the stability and reactivity of the suggested
complexes, as presented in Table 4. These parameters were derived
using Eqs. 8-13 [58] based on extended Koopman’s theorem, where the
ionization potential (I) is related to the HOMO energy (I = -Ey), and the
electron affinity (A) is related to the LUMO energy (A = —Ep) [97,109].
Table 4 reveals that the bonded systems demonstrate differences in
chemical potential relative to naked systems, demonstrating consider-
able changes in thermodynamic states during the adsorption mecha-
nism. Specifically, the hardness of the bonded systems typically
diminishes, whereas their softness tends to increase compared to the
bare drug and nanocage systems. Hardness measures the resistance of
atoms, molecules or ions to deformation of their electron cloud, while
softness is its reciprocal [31]. A decrease in hardness and an increase in
softness typically suggest enhanced reactivity of the systems. This shift
indicates that the conjugated systems are more reactive, which is a
favorable characteristic in the context of adsorption and stability. Prior
to adsorption, the global hardness values of the complexes were
observed in the following increasing order: 0.92, 0.98, 1.28, 1.57 and
3.44 eV for B12C6N6, B6C6N12, C24, C12B6N6, and B12N12, respectively.
Following 5-FU adsorption, these values shifted to 0.90, 0.79, 1.23, 1.42
and 2.28 eV for the same complexes, signifying enhanced reactivity and
lower stability. Global softness values showed a close range between
0.146 and 0.543 eV shifted to 0.219 to 0.637 eV '.Increased values of
chemical potential () suggest enhanced reactivity and reduced stability.
The electrophilicity index (o) helps differentiate strong electrophiles
from weak ones. The ranking of chemical potential was noted as
B12CeNg@5FU > Co4@5FU > B1aN12@5FU > C19BgNg@5FU >
BgCeN12@5FU, with corresponding values of —4.84, —4.81, —4.66,
—3.90, and — 3.38 eV, respectively. Strong electrophilic characteristics
were found in B12CgNg@5FU (13.01 eV), Co4@5FU (9.40 eV), and
BeCsN12@5FU (7.26 eV). Analysis of Eg values are in both Tables 3 and 4
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Table 4
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Dipole moment, (pp) in Debye; The Energy Gap (E,), Ionization Potential (IP), Electron Affinity (EA), Chemical Potential (4), Electrophilic Index (@), Chemical
Hardness (17), Chemical Softness(S) and Electronegativity (y) calculated for all systems. All units are electron volt (eV).

Systems state D.M. Eg Ip EA " ® n S X

5-FU 3.89 5.40 6.79 1.39 —4.09 3.10 2.70 0.185 4.09
Ca4 0.0 2.55 5.9 3.35 —4.63 8.39 1.28 0.392 4.63
C24@5FU S1 4.10 2.46 6.04 3.58 —4.81 9.40 1.23 0.407 4.81
C24@5FU S2 3.48 2.51 5.79 3.28 —4.54 8.19 1.26 0.398 4.54
B12N12 0.0 6.87 7.72 0.85 —4.29 2.67 3.44 0.146 4.29
B12N12@5FU Sq 4.88 4.56 6.94 2.38 —4.66 4.76 2.28 0.219 4.66
B12N12@5FU Sy 10.81 3.91 6.75 2.84 —4.80 5.88 1.96 0.256 4.80
C12BeNg 0.50 3.13 5.87 2.74 -4.31 5.92 1.57 0.319 4.31
C12BeNs@5FU Sq 4.58 2.84 5.32 2.48 -3.90 5.36 1.42 0.352 3.90
C12BsNs@5FU Sy 11.72 2.15 5.12 2,97 —4.05 7.61 1.08 0.465 4.05
BsCeN12 2.53 1.96 4.97 3.01 -3.99 8.12 0.98 0.510 3.99
BsCsN12@5FU Sy 13.04 1.57 4.16 2.59 -3.38 7.26 0.79 0.637 3.38
BeCsN12@S5FU So 11.71 0.70 4.01 3.31 —3.66 19.14 0.35 1.429 3.66
B12CeNg 0.51 1.84 —6.35 —4.51 —5.43 16.02 0.92 0.543 5.43
B12CsNe@SFU Sy 4.58 1.80 —5.74 —3.94 —4.84 13.01 0.90 0.556 4.84
B12CeNs@SFU So 11.73 1.79 -5.33 -3.54 —4.44 10.99 0.90 0.559 4.44

highlights a clear difference among the 5-FU drug and the heteroatom-
doped B12N15-5FU complexes. The complexes exhibited a decrease in Eg
and # values, along with an increase in ¢ and @ values. These findings
indicate that adsorption of the drug onto the nanocages promoted
charge transfer and enhanced the complexes’ reactivity.

3.7. Density of states (DOS)

The density of states (DOS) and partial density of states (PDOS)
served as essential tools in validating interactions between 5-FU and
hetero-atom-doped (C, B, and N) B;3Nj2 nanocages, as illustrated in
Fig. 5. This analysis highlights the fluctuation within the energy gap (Eg)
after 5-FU adsorption on different hetero-atom-doped nanocages. DOS
analysis represents the energy levels within a system as a continuous
molecular property, providing insights into the system’s energy distri-
bution. The significant variation in Eg4 values after S5FU adsorption on C,
B, and N-doped B12N12 nanocages is notable. The energy gap, Eg4 range
represents electron excitation states, signifying the energy needed for
outer-shell electrons to transition into charge carriers, essential for
evaluating electrical conductivity. The wanein Eg following the inter-
action of 5-FU with C, B, and N-doped B;5N15 nanocages indicates a shift
in their behavior toward semiconducting, as illustrated by the DOS
investigation shown in Fig. 5.

The DOS interpretation confirmed that during the adsorption of the
drug onto hetero-atom-doped B;sNi; nanocages, the drug molecule
contributed to the HOMO while the nanocages contributed to the LUMO,
participating in the adsorption fashion. The arrangement of the LUMO
orbital demonstrated the significant effect of the PDOS of 5-FU on the
TDOS of the complexes. Assessing the LUMO values among several C, B
and N doped B;2N;5 nanocages revealed a strong contribution from the
C, B, and N-doped B;5Nj> complexes to the adsorption mechanism,
suggesting their potential as effective electrochemical sensors. In this
study, all nanocages demonstrated bonding features within the DOS
range of 4.0 to —16 eV. Furthermore, the Fermi energy levels were
estimated as —4.81, —4.80, —4.05, —3.66, and — 4.84 eV for C, Band N
doped BjsNj» nanocage complexes Cos@5FU, B1aN12@5FU,
C12BgNg@5FU, BgCeN12@5FU and B12CgNg@5FU complexes, accord-
ingly. The critical insights gained from the DOS analysis are essential for
understanding the chemical behavior and adsorption characteristics of
C, B, and N-doped B12N73 nanocages in relation to their interaction with
the 5-FU drug.

3.8. Non-covalent interaction (NCI)

Non-Covalent Interaction (NCI) analysis is essential for investigating
the intra- and intermolecular interactions between the drug and

nanocages through electron density and its derivatives, which plays a
significant role in drug design. To verify the forms of interactions be-
tween the 5-FU drug and heteroatom-doped (C, B, and N) BjaNjy
nanocages, we utilized NCI analysis. RDG plots were generated by
plotting S(r)vs. electron density p(r), following the method outlined in
Eq. 13 [110].

__ 1 Ve
S = 2(372) 13 p(r) 43

13)

The RDG plots, along with the product of the second eigenvalue of
the Hessian matrix (42) and electron density p (sign(12)p), were used
within the NCI method to examine weak interactions. The adsorption of
the 5-FU drug onto heteroatom-doped B1,N;5 nanocages was visualized
using 2D scatter plots and 3D color-filled RDG isosurfaces, as presented
in Figs.6 and 7. The isosurfaces were color-coded using a blue-green-red
scale, corresponding to the values of sign(12)p. The RDG isosurface was
set to a value of 0.60, with sign(Ay)p values varying from —0.035 to
+0.02 a.u. The interactions are reflected as spikes within this range on
the 2D-RDG plots. Sign(A2)p < 0 denotes attractive hydrogen bonding
interactions, sign(A2)p > O indicates strongly repulsive or steric in-
teractions, and sign(A2)p ~ O represents weak van der Waals in-
teractions. The color variations on the 3D isosurface plots offer extensive
insights into the interaction types, with corresponding colors also
appearing on the 2D RDG plots displayed below. Fig. 7 illustrates the 3D
color-filled RDG isosurfaces for all the structures analyzed in this study.
In every case, disk-shaped green-red isosurfaces develop between the 5-
FU molecule and the nanocages, improving the upright alignment of the
5-FU drug while its interaction with the nanocage.

In Fig. 7, the S2 geometry of 5-FU adsorbed on BgCgNis and Cag
nanostructures shows blue spikes in the Ay range of approximately
—0.02 to —0.03 a.u., indicating strong attractive forces. Alternatively,
red spikes appear in the A range of 0.01 to 0.04 a.u., representing steric
repulsions. Green spikes appear in the )\, range from 0 to —0.01 a.u.,
suggesting weak interactions. A few green spikes in the negative A, re-
gion likely correspond to weak attractive forces, including van der Waals
and dispersion interactions.

In the isosurfaces, green patches signify weak attractive interactions,
while blue patches represent strong bonding interactions. Repulsive
forces are not visible in the intermolecular isosurfaces but are present in
intramolecular surfaces, with red patches only found among identical
atoms within the same molecule. This analysis shows that all studied
nanostructures exhibit significant non-covalent intra- and intermolec-
ular interactions, with RDG analysis supporting the findings from the
NBO study.
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Fig. 5. Partial Density of state (PDOS) of investigated nanocage complexes before and after adsorption.

medium (¢ = 78.4), affects interactions between the drug and nanocage

surfaces. Using the formula below, we calculated solvation energy, with
negative values indicating the stability and solubility of the studied

systems [105].

3.9. Impacts of solvent, drug release mechanism, and molecular dynamics

perspectives

All systems, including the drug, nanocages, and their conjugates,
were optimized using CPCM. This study assessed how water, a polar

10
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Fig. 6. 2D-RDG scatter plots.

14

Esot = Evater — Egas

In this context, Eg, denotes the system’s solvation energy, while
Ewater and Eg,s represent total energies in water and gas phases,

11

respectively. The adsorption energy (E,qgs), solvation energy (Eso),
dipole moments, and HOMO-LUMO energies of the systems were
calculated in solvent phase and presented in Table 5. The calculated
solvation energies for the drug and the suggested nanocages were
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Table 5

The adsorption energy; Eags in kcal mol %, solvation energy; Es,, in kcal mol %, dipole moment in Debye, HOMO energy, Ey; in eV; LUMO energy, Ey in eV; energy gap,
E, in eV; change in energy gap, % AE, and recovery time () in second for the investigated complexes in water phase.

Structure State Eads Esol D.M. Eng EpL Eg %AE, 7(s)

5-FU -9.70 5.23 —6.61 -1.23 5.38

Coq —0.65 0.0 —5.83 -3.29 2.54

C24@5FU S1 —4.43 -8.93 5.61 —5.83 -3.36 2.47 2.76 1.26 x 107185
C24@5FU S2 —6.32 -10.12 5.22 -5.77 -3.25 2.52 0.79 2.66 x 107185
B1oN1o —4.18 0.0 —7.71 —-0.79 6.92

B12N12@5FU Sy —29.45 —14.50 7.49 ~7.06 -1.78 5.28 23.70 4.16 x 10%s
B12N12@5FU Sy —29.77 -16.76 15.04 —7.04 —2.28 4.76 31.21 6.97 x 10%s
C12BeNg -3.26 3.06 —5.85 —2.67 3.18

C12BsNg@5FU S, —31.43 -13.83 8.89 —5.48 -2.20 3.28 3.14 1.01 x 10*s
C12BeNg@5FU Sy —31.79 -16.13 17.09 —5.46 —2.34 3.12 1.89 1.81 x 10*s
BsCeN12 -7.99 4.23 —5.06 —2.87 2.19

BCeN12@5FU S, —34.11 -12.85 13.43 —4.63 -2.29 2.34 6.85 7.61 x 10° s
BsCsN12@5FU Sy —34.88 -18.31 16.52 —4.62 —2.50 2.12 3.20 2.63 x 10%s
B12C6Ne -2.36 0.76 —6.34 —4.49 1.85

B12CeNe@5FU S, —28.37 -12.17 7.86 —5.89 —4.07 1.82 1.62 7.29 x 101 s
B12CsNe@5FU Sy —22.61 —19.49 17.25 -5.77 -3.96 1.81 2.16 6.76 x 1035

negative, indicating their dissolution in water is energetically favorable
and spontaneous [97,105]. Higher solvation energy indicates greater
solubility, with the 5-FU-adsorbed BgCgN12 nanostructures showing the
highest values. The adsorption energy of the 5-FU drug with the ad-
sorbents shows only minor differences in the solvent phase relative to
the gaseous phase, as shown in Table 5.

The BcCgN12@5FU bonded S1 geometry parades a slight decrease in
adsorption energy in the aqueousphase compared to the gaseous phase,
yet it still retains the highest adsorption energy in this study. The

12

BsCsN12@5FU conjugated geometry with S1 and S2 orientations ex-
hibits strong adsorption in the solvent phase. The hetero-nanocage
clusters B12CgNg and C;2BgNg also show promising 5-FU adsorption in
certain orientations, but with weaker binding in others.

Additionally, the complexes’ dipole moments increase in the solvent
phase compared to the gaseous phase, confirming their solubility in
polar media. In gas phase, the BgC¢N1o@5FU complex showed the
highest dipole moment at 13.04 D, followed by B12CsNe@5FU at 11.73
D, C12BgNg@5FU at 11.73 D, B;2N12@5FU at 10.81 D, and Cp4@5FU at
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4.10 D. In water, the dipole moments rose to 17.25 D for B;3C¢Ne@5FU,
17.09 D for C13BgNg@5FU, 16.52 D for BgCgN12@5FU, 15.04 D for
B12N12@5FU, and 5.61 D for Co4@5FU. The increased dipole moments
in water confirm that these complexes can dissolve in polar media,
boosting their reactivity, which is beneficial for 5-FU drug delivery.
Minor differences in HOMO-LUMO energy gaps between the aqueous
and gaseous phases also illustrate how solvent media influence the
electronic properties of the systems.

The release of drug molecules from carriers plays a vital role in drug
delivery, highlighting the significance of assessing recovery time (t) to
evaluate the desorption of 5-FU from B15Nj5 nanocages. This contributes
to grasping the effectiveness of nanocages for 5-FU adsorption, as higher
Eags values are associated with longer recovery times. For sensor ap-
plications, desorption of 5-FU from nanocages can be a limiting factor.
According to the research conducted by S. Thomas and M. A. Zaeem
[111,112]a shorter recovery time for an adsorbent is advantageous in
the design of efficient sensing devices. To assess this, we calculated the
recovery time (1) for drug desorption from the surfaces of B;aNp2 and C-
doped B12N12 nanocages, following the definition in Eq. 15 [113].

T =y, e [kpT (15)

The attempt frequency (v,), Boltzmann’s constant (Kp, approximately
2.0 x 1073 kealmol K’l), adsorption energy (E,4s), and temperature
(T) in Kelvin were used to calculate the recovery time (z) for the
desorption of 5-FU drug from C-doped B15N12-5FU complexes. In prac-
tice, exposure to ultraviolet (UV) light can facilitate the desorption of an
adsorbate from the adsorbent. Recovery times were calculated at a
temperature of 298.15 K with an attempt frequency (v) of 10'8 s~ under
UV conditions, as shown in Table 5. Since desorption is the reverse of
adsorption, the adsorption energy (E,gs) is often considered as the
activation energy (E,cy) for desorption. However, for a sensor targeting
the 5-FU drug, this assumption may not be appropriate, as it leads to an
exceptionally long recovery time of 2.63 x 10° s.

The interaction between 5-FU and B;5Nj» and its hetero-atom-doped
(G, B, and N) B3N nanocages C12BgNg, BeCsN12 and B12CgNg reveals
strong physisorption with E,4s values between —22.61 and — 34.88 kcal
mol ! at solvent phase. The recovery time at 298.15 K(room tempera-
ture) for 5-FU adsorbed onto these nanocages ranges from 6.76 x 10> s
t0 2.62 x 10° s except Co4 surface which has 2.6 x 107 s, indicating a
moderate interaction, preventing 5-FU’s spontaneous desorption from

J
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these nanocages, making it a potential drug carrier.

We have performed constant -pH MD and protonation —dependent
DFT to better understand pH-triggered drug release and kinetics under
acidic conditions. We investigated the pH-responsive behavior by
simulating protonation at the Oy site of 5-FU in the BgCgN12-5FU (S1)
and B12CgNg-5FU (S1) systems. These simulations were designed to
replicate the acidic tumor microenvironment (pH < 6) and compare it
with physiological conditions (pH 7.35-7.45). As illustrated in Fig.8, the
B—Oy bond length expanded markedly-from 1.51 Aand1.55A t0 11.35
A and 10.80 A, respectively-indicating a substantial weakening of the
drug-nanocage interaction under acidic conditions. Correspondingly,
the adsorption energy (E,qs) decreased from —38.94 kcal mol~! and
-30.55 keal mol ™!, providing strong evidence of pH-triggered release of
5-FU from the BgCgNj2 and B;3C¢Ng nanocarriers in tumor-like
environments.

Drug adsorption and release were also simulated under biological
conditions by placing B;5N712-5FU, C;5BgNg-5FU, BgCeN712-5FU and
B12CgNe-5FU complexes in water and acidic environments. The solva-
tion energy was calculated using the CPCM, expressed as the difference
between the total energies in the aqueous and gas phases. Under acidic
conditions, the oxygen atom of 5-FU is protonated in both complexes
(Fig. S2), enabling pH-triggered drug release between normal and target
cells. DFT calculations were conducted to investigate mechanism of drug
release from the Bj3Nja, C12BeNe, BeCeNia, and B12C¢Ne nanocage
complexes, highlighting their potential in drug delivery applications. To
further investigate solvent effects, four water molecules were positioned
at the interaction sites of these complexes, and the interaction energies
of water and nanocages were calculated utilizing E,ps(H20-BN) = (Ep,o,
BN — (Em,o + Epn) + Egssg) /4. Table S3 presents solvent energies, water-
hetero-fullerene interaction energies, and adsorption energies for
B12N12-5FU, C12BgNe-5FU and B12C¢Ng-5FU complexes. The in-
teractions between water and the nanocages were found to be much
weaker than the interactions between 5-FU and the nanocages, indi-
cating that the adsorption of 5-FU is only slightly impressed by the
presence of water molecules. The negative adsorption energies in both
gas and aqueous phases confirm the beneficial and spontaneous in-

teractions between 5-FU and heteroatom-doped B;5N;5 nanocages.

The BgCsN12-5FU bonded S1 geometry exhibits a slight decrease in
adsorption energy in the aqueous phase in comparison to the gas phase,
however it still holds the highest adsorption energy observed in this
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Fig. 8. Optimization process and corresponding bond lengths (in A) of protonated APN adsorbed on decorated B¢CsN15-5FU and B;,C¢Ng-5FU in acidic conditions,

where the red dots correspond to relevant structure.
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study. Both S1 and S2 orientations of the BgCgN12-5FU conjugated
structure demonstrate strong adsorption behavior in the water phase.
Additionally, hetero-nanocage clusters like B12CgNg and C12B¢Ng also
show promising adsorption potential for 5-FU, although the binding
strength varies by orientation and is generally weaker in certain
configurations.

To assess stability and interactions between the drug and nanocages,
ADMP dynamics were applied to the most effective drug-adsorbent
nanocages at room temperature (300K) in an aqueous environment.
The ADMP simulations, run over a 1000 fs using a 2 fs time step per
frame, reveal minor fluctuations in total energy without any bond
dissociation or separation of fragments throughout the simulation (as
illustrated in Figs. 9 and S3). We agree that the total simulated time of
1000 fs (1 ps) represents a relatively short timescale and, by itself, may
not be sufficient to fully confirm long-term stability or chemical affinity.
We have also performed an additional 5000 fs (5 ps) ADMP simulation
to further examine whether the drug desorbs from the nanocage surface.
The results, demonstrating that the complex remains stable and no
desorption occurs throughout the extended simulation, are presented in
Fig. S4. These findings suggest the high chemical affinity and stability,
indicating the nanocages could serve as effective carriers for the 5-FU
drug in biological or aqueous environments.

3.10. Infrared (IR) and raman spectra

To further elucidate the 5-FU loading mechanism, the IR and Raman
spectra of the pristine and hybrid nanocages and their 5-FU complexes
were analyzed and presented in Figs. S5 and S6. The IR spectra revealed
noticeable shifts in the stretching vibration bands upon 5-FU adsorption,
indicating strong interactions between the drug and the nanocages.
Additionally, the emergence of new absorption bands confirmed the
formation of stable adsorption complexes. The Raman spectra also
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exhibited distinct variations after 5-FU adsorption, demonstrating the
influence of the drug on the vibrational characteristics of the nanocages
[114-116]. Notably, several modes that were inactive in the free 5-FU
spectrum became active in the 5-FU-nanocage complexes, further vali-
dating the interaction. These spectral observations collectively suggest
that the studied nanocages possess significant potential as effective drug
delivery carriers for 5-FU.

3.11. UV spectra simulation using TD-DFT calculations

Time-dependent density functional theory (TD-DFT) calculations
were used to generate the ultraviolet-visible (UV-Vis) spectra for all
nanocage complexes studied, assessing the effect of 5-FU binding to the
proposed adsorbents. These calculations were performed using TD-DFT
at the B3LYP-GD3(BJ)/6-31 + G(d,p) level of theory, considering up to
30 excited states both gas and water phase. Figs. 10 and S7 display the
simulated UV-vis spectra both before and after adsorption. Additionally,
the maximum oscillator strength, corresponding wavelengths, energy,
and transitions calculated by TD-DFT are listed in Table S5 and S6.
UV-vis spectroscopy is widely used for tracking drug concentration and
monitoring interactions.

The simulated spectra analysis shows a significant shift in the
maximum absorption coefficient after 5-FU adsorption on the adsorbent
surfaces. In most cases, there is a red shift in the wavelength associated
with the highest absorbance after adsorption. For instance, in the
B12N12@5FU conjugated structures, the initial maximum absorption
peaks for the 5-FU drug and B13N;2 nanocage were around 162 nm and
194 nm, respectively. After adsorption, the peaks shifted to 249 nm and
274 nm for the S1 and S2 geometries, respectively, indicating significant
changes in the electronic and chemical states of both the drug and
nanocages, thus confirming the adsorption mechanism.

Additionally, the variations in oscillator strength following
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Fig. 9. ADMP molecular dynamics trajectories for 1000 fs for BsCgN1,@5FU (S1 & S2) and B15CsNg@5FU (S1 & S2) complexes.
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Fig. 10. Simulated UV-Vis spectra of systems before and after adsorption of C24@5FU and B13N1,@5FU complexes.

adsorption are clearly presented in Table S6, with the C;2BsNg@5FU S2
structure exhibiting the highest oscillator strength of 0.1378, resulting
from an electron transition from the ground state (Sp) to the 26th state
(S26)- These findings suggest that UV-Vis spectroscopy could serve as an
effective tool for monitoring the interaction between the 5-FU drug and
the nanocages, allowing researchers to track changes in concentration
and binding events. This transformation in the spectra not only validates
the occurrence of adsorption but also reveals deeper insights into the
nature of the interactions taking place at a molecular level.

4. Conclusions

This study investigates the sensitivity, reactivity, and adsorption
potential of pristine Cg4, B1aNj2, and hybrid nanocages (C;2BgNs,
BsCsN12, and B12CsNg) toward 5-fluorouracil (5-FU) in gas and aqueous
phases. Adsorption energies (E,qs) and BSSE-corrected deformation en-
ergies reveal stronger binding in hybrid nanocages, with BgCgNi2
exhibiting the highest adsorption energy of —38.94 kcal mol™!
compared to pristine nanocages (—6.54 and — 28.82 kcal mol ! for Cy4
and B15N12). Thermodynamic analysis shows spontaneous, exothermic
adsorption for all except Co4@5-FU, with BgCeN12@5-FU having the
most favorable Gibbs free energy change (AG = —34.87 kcal mol 1) at
298 K. Frontier molecular orbital (FMO) and density of states (DOS)
analyses show energy gap reductions of 43 % for B12N13 and 64 % for
BsCeN12 post-adsorption, indicating enhanced electronic sensitivity.
Natural bond orbital (NBO) analysis confirms significant charge transfer
(~ — 0.31e) from 5-FU to nanocages. Non-covalent interaction (NCI)
and reduced density gradient (RDG) analyses highlight dominant van
der Waals and electrostatic forces, with no repulsive interactions
detected. UV-Vis spectral simulations reveal notable shifts in absor-
bance and oscillator strength upon 5-FU binding. Polarized continuum
model (PCM) and ADMP molecular dynamics validate improved solu-
bility and complex stability in aqueous media. Overall, BgCcN12 shows
the strongest, most stable binding with 5-FU, indicating high potential as
a nanocarrier for drug delivery, reducing side effects, and offering
promising applications in nanomedicine. These quantitative findings
pave the way for experimental validation and development of hetero-
fullerene-based 5-FU delivery systems.
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