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Finding an appropriate drug delivery vehicle for anti-cancer drugs is crucial to minimizing the adverse
effects of chemotherapy and enhancing treatment efficacy. Among various approaches, nanostructure-
based drug delivery systems have attracted significant attention. In this context, boron nitride (B12Nj5)
nanocages have emerged as promising candidates for targeted drug delivery. In the present study, the
adsorption behavior, reactivity, and electronic sensitivity of the hydroxyurea (HU) drug on Bi»Nip,
CoBy11Ny,, FeByiNgo, and NiByiNi» nanocages were investigated in both gas and aqueous media using
first-principles density functional theory (DFT) calculations. Our findings indicate that all complexes are
thermodynamically stable. The stability of these complexes in both media is confirmed by the increased
negative adsorption energy (Eap) and negative solvation energy of the doped nanocages. Among them,
the HU/NiB1;N;» complex exhibits the highest stability, with Exp values of —1.00 eV (gas) and —0.86 eV
(aqueous). Its stability is further supported by the enhanced dipole moment, increasing from 7.36 D to
11.40 D upon adsorption. Moreover, after adsorption, the HOMO-LUMO energy gap of the HU/NiBy;N»
complex decreases significantly by ~53.86% (gas) and ~53.70% (aqueous), indicating substantial

Received 6th November 2025, changes in its electronic properties. These results suggest that doped nanocages exhibit high sensitivity,

Accepted 12th February 2026 making them excellent candidates for drug delivery applications. Quantum molecular descriptors further
confirm that NiByj3Nj, offers higher sensitivity and reactivity compared to the other nanocages studied.

Therefore, the HU/NiBy;Nj, complex stands out as the most promising drug delivery system, with
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1. Introduction

An anti-cancer drug delivery system is a technology designed to
transport chemotherapeutic agents to specific target sites in the
body and control their release, improving treatment effectiveness
while reducing side effects. Cancer is a major cause of mortality
worldwide and results from the uncontrolled growth of abnor-
mal cells. Chemotherapy is commonly used to treat cancer,' and
hydroxyurea (HU) is a non-alkylating antineoplastic drug*™*
applied in several cancers and blood disorders.>™'*> However, its
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NiB11N;, identified as the most effective nanocage carrier for the HU drug.

limited selectivity causes side effects such as gastrointestinal
problems, bone marrow suppression, and skin reactions.*®

Nanomedicine, which utilizes nanoparticle-mediated anti-
cancer drug delivery to overcome the limitations of traditional
anti-cancer drug administration, is largely responsible for this
method of targeted anti-cancer drug delivery."* Anti-cancer
drug carriers are designed as nanosized devices that offer a
number of benefits for efficient anti-cancer drug delivery. This
is why anti-cancer drug delivery and sensing applications are
important fields for nanomaterials.

Recently, because of their high bioavailability, nanomaterials
have drawn interest as drug vehicles to improve treatment
efficacy and lessen negative effects.">'® Boron nitride (BN)
nanomaterials have acquired heat resistance in air, outstanding
structural and chemical stability, remarkable mechanical
strength, a wide band gap, high reactivity, large surface areas,
strong oxidation resistance, high thermal conductivity, fine

© 2026 The Author(s). Published by the Royal Society of Chemistry
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chemical inertness, etc.'”>° Furthermore, the study by Chen
et al. showed that because BN nanostructures don’t cause harm,
they can be used in biological applications.*! Because of their
exceptional physical, chemical, and surface characteristics,
B;,N;, nanoclusters are among the best BN nanoclusters for
biosensors and biomedical applications.>>>* Previous investiga-
tions have shown that the most stable structure is found in
fullerene-like nanoclusters X;,Y1, (Y =N, P, and X = B, Al).>* The
adsorption behavior of the metronidazole drug on boron carbide
(BC), graphene, and B;,N;, nanocages was investigated using
DFT with the B3LYP/6-31G method.>® The results revealed that
BN nanocages exhibit higher sensitivity to the drug. Using DFT,
Abdolahi et al. investigated the structural and electrical charac-
teristics of the B;,N;, nanocage functionalized with the drug
celecoxib. They found that the B;,N;, nanocage is a useful way to
administer this drug.>® Maliha Nishat et al. also investigated the
interactions between clean and doped B;,N;, nanocages and
anagrelide drug molecules.”” The adsorption nature of the
miglitol (MT) anti-diabetic drug on the surface of gallium nitride
(GNS), boron nitride (BNS), and boron carbide (BC3) nanosheets
was examined using the DFT with B3LYP/6-31G technique. BNS
and BC3 nanosheets were shown to be more sensitive to this
drug.”® The X;,Y;, (X = B, Al and Y = N, P) nanocage has been
examined as a possible vehicle for the MT drug using the DFT-D
approach. The results showed that the Al;,N;, nanocage is a
useful drug delivery vehicle.>® The adsorption behavior of the MT
drug on the surfaces of XB;;N;, nanocages (where X stands for
Ga, In, and Al) and B;,N;, has been investigated. It has been
found that the MT drug is better transported via MT/AIB;;N;,
and MT/GaB,;N;, nanocages.>** DFT has recently been used to
study the electrical characteristics and adsorption behavior of
HU on pure and carbon-doped B,;N,, nanocages.*'

In this first-principles study, we examined the potential of
B;,N;, nanocages as drug delivery vehicles for the HU drug
using DFT. To enhance the adsorption properties, elemental
modifications were introduced by doping with Co, Fe, and Ni
atoms, leading to the construction of CoB;;N;,, FeB;;N;,, and
NiB;;N;, nanocages, respectively, for comparative analysis. The
adsorption behavior of the HU drug on these nanocages was
evaluated in both gas and aqueous media. To gain deeper
insights, we analyzed the electron density (ED), interaction
distances, electrostatic potential (ESP), and adsorption energies
(Eap)- Additionally, the density of states (DOS) and energy gap
variations were studied to explore the electronic behavior. The
work function (¢) and quantum molecular descriptors (QMD)
were calculated to assess the reactivity of the nanocages toward
the HU drug. Finally, to evaluate the effect of solvent interac-
tions, surface analysis was performed using the conductor-like
screening model (COSMO).

2. Computational details

The purpose of this research is to deepen the knowledge of the
adsorption behavior of the HU anticancer drug on the surface
of nanostructures, transition metal-doped boron nitride

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fullerenes, using a theoretical approach called first-principles
simulation. Using the DFT framework’s output from the DMol3
module, the geometry optimization of the HU drug’s adsorp-
tion capability on the B;,N;,, CoB;1N;,, FeB;1N;,, and NiB{{N;,
nanocages in both phases was examined. The generalized
gradient approximation (GGA) was used to optimize the struc-
tures under investigation.*> The exchange-correlation connec-
tion was described using the GGA Perdew-Burke-Ernzerhof
(PBE) functional. Grimme’s dispersion correction (DFT-D)
methods were used in all calculations to account for the long-
range electron effect. A double numerical basis set plus polar-
ization (DNP) and DFT semi-core pseudopotentials have been
used for the core treatment.*® It is demonstrated that the basis
set superposition error (BSSE) can be reduced by using the DNP
basis set built in DMol3.** Optimization of the geometry has
been done under spin-unrestricted conditions. To increase
computational accuracy in all investigations, the following
parameters were set: smearing point, maximum displacement,
energy tolerance, electronic SCF convergence, maximum force,
and real-space global cut-off diameter: 5 mHa, 5 mA, 20 uHa,
10 pev, 4 mHa A™', and 2.5 A, respectively. These figures are
similar to those from our previous investigation.>*>°

The following equations were used to calculate the energy
gap (E,), adsorption energy (Eap), band gap difference in percen-
tage (%AE,), hardness (), chemical potential (u), softness (S),
and electrophilicity (o) for both media.>**°

Energy gap:

E, = Ey, — Ey 1)

where E;, and Ey represent the energy of the LUMO and HOMO
levels, respectively.
Adsorption energy:

Enanocages (2)

where Enanocages) Eru, and Ecomplex denote the total energies of
the nanocages, HU drug, and drug-nanocage complex,

Enp = Ecomplex — Epy —

respectively.
The band gap difference in percentage:
Ey — E
YAE, = =22 5 100% (3)
Ep

where Ez; and Eg, represent the band gaps of the complex
compound and absorbent nanocage, respectively.

o @
e ©)
S5 ©
o=t )

We calculated the vibrational modes of our complexes and
adsorbent nanocages to verify that the systems correspond to

Mater. Adv., 2026, 7, 3362-3372 | 3363
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real local minima. Considering that water constitutes the major-
ity of the human body, the adsorption behavior of the HU drug
on nanocage surfaces was further investigated in an aqueous
medium (dielectric constant = 78.54) using the COSMO
method."®* All the aforementioned parameters were then recal-
culated in water using the same theoretical framework.

3. Results and discussion
3.1 Geometric configurations

In both stages, we optimize our estimated adsorbent nanocages
(B1,Ny,, CoBy;Nj,, FeBy;Ny,, and NiBy;Nj,). The optimized
structures are shown in Fig. 1 along with the ESP maps, ED,
and HOMO-LUMO. Because it contains both tetragonal and
hexagonal rings with B-N connections, the B;,N;, nanocage
has initially been seized.?”*® The B;,Nj, structure contains two
types of non-equivalent B-N bonds: one with a length of 1.44 A
formed between two atoms in a hexagonal ring, and another
with a length of 1.49 A formed between atoms connecting a
hexagonal ring to a tetragonal ring. These bond lengths and the
previous theoretical analysis are fairly comparable.>”*”° Co,
Fe, and Ni atoms are replaced with one boron (B) atom in
BN, resulting in CoB;1N;,, FeB;;Ny,, and NiB;;N;, nano-
cages, respectively, for comparison of their adsorption beha-
viors. The studied nanocages maintain a planar phase, with
only minor variations in the B-N bond length, E;, and Ey. To
ensure structural stability, the B-N bond lengths in both
hexagonal and tetragonal units remain nearly unchanged. In
the doped systems, the Co-N, Fe-N, and Ni-N bond lengths are
1.823 A in the hexagonal sites and 1.861 A in the tetragonal
sites, consistent with previous reports.>**° The slight increase
in bond lengths at the doping sites contributes to stabilizing
the atomic arrangements of these nanocages. Frontier molecu-
lar orbital (FMO) analysis was performed to investigate the
electronic structure. The HOMO orbitals are primarily localized
on the N atoms on the right side of the nanocages, whereas the
LUMO orbitals are concentrated on the dopant atoms (Co, Fe,
and Ni) and the B atoms on the left side. The HOMO-LUMO
energy gap (Eg) was calculated to be 5.08 eV for B;;N;,, 1.13 eV
for CoB;1N;,, 0.53 eV for FeB{;N;,, and 0.47 €V for NiB;;Ny,.
Substitution of Co, Fe, and Ni for B atoms significantly
decreases the energy gap, following the trend: B;,N;, >
CoB;;1Ny, > FeB;1N;, > NiBy;N;, (Table 1). The electron density
(ED) and electrostatic potential (ESP) maps (Fig. 1m-p and q-t)
further illustrate charge distribution. Blue regions indicate posi-
tive ion zones, while yellow regions indicate negative ion zones.
Negative charges are mainly localized around the electron-rich N
atoms, whereas positive charges are concentrated around the B,
Co, Fe, and Ni atoms due to their electron-deficient nature. To
confirm configurational stability, vibrational mode calculations
were carried out under infrared radiation. Table 2 presents the
minimum and maximum vibrational frequencies for each sys-
tem. Since all frequencies are positive, the structures are con-
firmed to be stable and suitable for experimental synthesis. The
vibrational frequencies for B;,N;,, CoB;;Nj,, FeB;;N;,, and
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NiBy;N;, were found to lie in the ranges of 312.7-1407.8 cm™ ',
184.5-1415.2 cm™ ', 161.4-1414.3 cm™*, and 105.4-1408.5 cm™*,
respectively. For the HU/nanocage complexes, the vibrational
frequencies were observed as follows: 8.6-3638.6 cm™* for HU/
B15Nis, 35.9-3640.7 cm™* for HU/CoB,;N;,, 12.3-3633.3 cm ™ *
for HU/FeB,;N;,, and 15.0-3637.4 cm ™! for HU/NiB,;N;,. These
results confirm that each customized adsorbent and its corres-
ponding complex represent a true local minimum and phase-
stable system.

Fig. 2 presents the ESP maps and HOMO-LUMO distribu-
tions of the HU drug in both optimized and relaxed configura-
tions. As illustrated, the HU molecules possess two
electrophilic and two nucleophilic sites. The calculated bond
angles (0) of the HU drug are as follows: H-O-N (109.470°), O-
N-H (104.480°), H-N-C (104.480°), O-N-C (120.010°), N-C-N
(119.990°), C-N-H (120.010°), H-N-H (109.050°), N-C-O
(109.470°), and C-O-N (124.680°). The corresponding bond
lengths are: O-C (1.54 A), H-N (1.00 A), C-N (1.54 A), O-N
(1.54 A), and H-O (0.96 A).

The LUMO levels of the O-C bond, N atoms, and H-O bond
are set at —0.59 eV in the gas phase and —5.66 eV, and —0.48 eV
in the water medium, whereas the HOMO level of HU for the C
and O atoms is set at —5.54 €V. Positive ions are localized in the
O-C-H region, while negative ions are concentrated in the N
atom region, as seen in the ESP map of HU.

3.2 The HU drug’s adsorption onto the absorbent nanocages

The chemical structure of the HU drug consists of four types of
atoms: C, N, H, and O. To study the adsorption nature of the
HU drug, we investigated its interaction with nanocages, lead-
ing to various possible complex configurations. Among these,
the best adsorption arrangement was determined to be the
lowest-energy complex, and further analysis was carried out
using these systems. According to our calculations, the lowest-
energy complex structure is formed when we add our dopant
onto the top side of our investigated nanostructure. So, all our
calculations and further analysis were carried out by using
these types of complex structures. For all complexes, the global
minima were achieved in both phases. The gas-phase opti-
mized structures and their respective adsorption distances are
shown in Fig. 3. The observation of negative E,p for all com-
plexes indicates a favorable interaction between the HU drug
and nanocages.*’ We analyzed the values of E,p for each
complex in both phases. The values are all negative, which
affirms the complexes’ stability and attractive interaction
behavior.>*' The HU drug is adsorbed with —0.98, —0.99,
—0.57, and —1.00 eV energy at a distance of 1.67 A, 1.69 A,
1.69 A, and 1.67 A, in the gas medium and —0.96, —0.93, —0.41,
and —0.86 energy at a distance of 1.62 A,1.634,1.64A,and 1.63
A in the aqueous medium for the B;,N;,, CoB;;Ny,, FeB;1Nj,,
and NiB,;N;, nanocages, respectively (Table 2). Consequently,
there is an inverse relationship between the E,p and the mini-
mum distance between the HU drug and the studied nanocages.

Table 2 presents the E,p values calculated before and after
the adsorption of the HU drug on B;,N;,, CoB1N;,, FeB;1Nj,,
and NiB;;N;, nanocages. The variation in E,p indicates

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a)-(d) Optimized structures, (e)-(h) HOMO, (i)—() LUMO, (m)—(p) ED, and (q)—(t) ESP maps of the Bi,N;5, CoB1iNjp, FeBi3Ni,, and NiByiNg»
nanocages, respectively. Atoms are color-coded as follows: nitrogen (N) (blue), boron (B) (peach), cobalt (Co) (light blue), iron (Fe) (silver grey), and nickel
(Ni) (silver white).
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Table 1 The HOMO energy (Ey), LUMO energy (E), and HOMO-LUMO
energy gap (Eg) in eV, along with the percentage change in the HOMO-
LUMO energy gap (%¥AEg)., were assessed for the examined adsorbent
nanocages, HU drug, and drug—nanocage complexes in both phases

Gas phase Water phase

Structures Ey E;, E;  %AE; Ey Ey, E;  %AE,
HU Drug —5.54 —-0.59 495 — —5.66 —0.48 5.18 —
B1,Ny, -7.04 —-1.96 5.08 660 -7.06 —1.89 5.17 3.71
HU/B,N;,  —6.35 —1.61 4.74 —6.55 —1.56 4.98
COB;;N;, —579 —4.66 1.13 1.71 —5.69 —4.55 1.13 1.80
HU/CoB;;N;, —5.33 —4.22 1.11 —5.45 —4.33 1.11
FeB;1N, —-5.72 —=5.19 0.53 53.80 —-5.74 —5.08 0.66 43.21
HU/FeB,;N;, —4.89 —3.74 1.15 —4.98 —3.82 1.16
NiB;;N;, —5.89 —5.42 0.47 53.86 —5.88 —5.66 0.49 53.70
HU/NiB;;N;, —5.99 —4.97 1.02 —6.18 —5.39 1.05

noticeable interaction between the HU molecule and the inves-
tigated nanocages. The relatively small adsorption distance (d)
further confirms a strong affinity between the drug and the
carrier surface. Generally, an increase in E,p corresponds to a
reduction in the adsorption distance, suggesting enhanced
interaction strength. Our findings therefore support improved
adsorption behavior, consistent with previously reported stu-
dies. However, adsorption is not governed solely by E,p. Orbital
interactions also play a crucial role in determining the stability
and strength of the drug-nanocage complexes. These effects
were thoroughly examined in our earlier discussion of HOMO-
LUMO energy levels and electronic distribution characteristics.
The calculated E,p, values are summarized in Table 2. Based on
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their magnitudes, the studied complexes predominantly exhibit
physisorption behavior.** As a result, the HU anticancer drug is
expected to be released relatively easily from the nanocage
surface, which may be advantageous for controlled drug deliv-
ery applications.*

Lastly, the E,p suggests that our investigated nanocages
have an equally potent potential to deliver the HU drug. Among
them, the HU/NiB,;N;, nanocage shows superior performance,
as it possesses the highest E,p value (Table 2), making it the
best possible structure. The interaction distance (d) is used to
determine E,p. The LUMO and HOMO orbital analysis shows
how their electronic configurations vary during interaction. The
sensing capacities of B;,N;,, CoB;;N;,, FeB;1N;,, and NiB;; Ny,
nanocages are demonstrated by the variations in their electrical
properties upon interaction with the HU anti-cancer drug. The
%AE, and E, data are tabulated in Table 1, which are assessed
and shown in Fig. 3, to investigate the sensitivity of the B;,Nj,,
CoB;1N;,, FeB;1Ny,, and NiB;;N;, nanocages towards the HU
drug using frontier molecular orbital (FMO) analysis (LUMO
and HOMO).

Furthermore, the E, trend is displayed in Fig. 4 both before
and after the adsorption of the HU drug onto the nanocages. In
all studied complexes, the HOMO is mainly localized on the HU
drug molecules, whereas the LUMO is primarily found on the
adsorbent nanocages. After adsorption, both Ey and E;, values
of HU/B;,N;,, HU/C0B,;N;,, HU/FeB,;N;,, and HU/NiB;;N;,
nanocages become stabilized. In the gas medium, the Ey; values
of HU/B,,N;,, HU/C0B;;N;,, HU/FeB,;N;,, and HU/NiB;N;,

Table 2 The estimated interaction distance (d, in A) between the HU drug and the studied nanocages, dipole moment (DM, in Debye), adsorption energy
(Eap. in V), and low and high vibrational frequencies (vow and vhign, in cm™

Gas phase Water phase

Structures d DM Enp ow Vhigh d DM Epp Viow Vhigh

HU drug — — 188.8 3629.1 — — 180.2 3628.3
BisNqy 0.00 —0.98 312.7 1407.8 0.00 —0.96 311.6 1387.9
HU/B1,Ny, 1.67 7.03 8.6 3638.6 1.62 10.72 0.0 3622.2
CoB11Ny, 2.00 —0.99 184.5 1415.2 3.65 —0.93 187.1 1393.3
HU/CoB;;N;, 1.69 7.20 35.9 3640.7 1.63 11.56 34.4 3614.3
FeB;1N, 3.03 —0.57 161.4 1414.3 5.42 —-0.41 169.6 1386.9
HU/FeB;1Ny, 1.69 7.29 12.3 3633.3 1.64 11.47 17.4 3617.6
NiB;1N;, 1.58 —1.00 105.4 1408.5 2.79 —0.86 110.5 1382.8
HU/NiB;;N;, 1.67 7.36 15.0 3637.4 1.63 11.40 0.0 3609.0

(a) (®) (© (d (e)

Fig. 2 The optimized structure of the HU drug, along with its HOMO, LUMO, ED, and ESP maps, are shown in (a), (b), (c), (d), and (e), respectively. The
following color codes are used for the atoms: red stands for O, blue for N, white for H, and ash for C.
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Fig. 3 At the same theoretical level in the gas phase, the results include (a)-(d) optimal configurations, (e)—(h) HOMO orbitals, (i)-(l) LUMO orbitals, (m)-
(p) electron density (ED), and (g)—(t) electrostatic potential (ESP) maps of the complex compounds, respectively.

nanocages are —6.35 eV, —5.33 eV, —4.89 eV, and —5.99 eV,
while their corresponding Ej values are —1.61 eV, —4.22 €V,
—3.74 eV, and —4.97 eV, respectively. Consequently, the calcu-
lated E, values are 4.74 eV for HU/By,Ny,, 1.11 eV for HU/

© 2026 The Author(s). Published by the Royal Society of Chemistry

CoB;1N;,, 1.15 eV for HU/FeB,;N;,, and 1.02 eV for HU/
NiB{1Ny,, with the respective %AE, values being about
6.60%, 1.71%, 53.80%, and 53.86% in the gas medium. Similar
calculations were performed in the water phase, and the results
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Fig. 4 The trend of the HOMO-LUMO energy gap (Eg) of the investigated
complexes in both media.

are presented in Table 1. The highest adsorption energy (Eap) is
observed for the HU/NiB;;N;, complex, reaching —1.00 eV
when the drug molecules adsorb at a distance of 1.67 A. Overall,
the %AE, values of the B;,N;;, CoBy;Nj,, FeBy;Ny,, and
NiB;;N;, nanocages decrease significantly, ranging from about
53.86% to 1.71% in the gas phase and from about 53.70% to
1.80% in the water phase after HU drug adsorption.

The E, is displayed as a bar graph in Fig. 4. Higher molecular
polarizability, which often indicates increased chemical reac-
tivity and decreased kinetic stability, is correlated with a lower
Ey value.”® Additionally, the following formula demonstrates
how the conduction electron population (N) affects E,.>”**

2 E,
= 3 -
N = AT3 exp (kT) (8)

where k denotes the Boltzmann constant and A (electrons per
m?® per k¥?) is a constant.*® Eqn (8) states that greater electrical
conductivity, which can be transformed into an electrical signal
for drug identification, is the result of a lower E, value.

One of the most important parameters for drug distribution
applications is the energy gap (Eg) value. The density of states
(DOS) spectra, shown in Fig. 5, can be used to investigate the
shift in E, further. Fig. 5 displays the DOS spectra of the B;,Ny,,
CoB;1Ny,, FeBy;Nj,, and NiB,;N;, nanocages, both before and
during HU drug adsorption. After adsorption, an additional
phase appears near the Fermi level, leading to a reduction in E,.
The number of conduction electrons is increased by this
reduction, which is essential for the planned drug delivery
mechanism. Notably, HU adsorption decreases E, for all nano-
cages except NiB;;N;,, whereas E, increases instead. These
band gap variations, also reflected in the DOS spectra (Fig. 5),
arise from the fluctuations of the HOMO and LUMO states
following HU adsorption.
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3.3 Dipole moment analysis

One essential property of molecules or complexes that shows the
asymmetric charge distribution between them is the dipole
moment (DM).* It is a crucial metric for analyzing complex or
molecular symmetry.”>*” Greater ion transfer and a more robust
interaction between HU and the nanocages are indicated by a
higher DM value. The DM for B;,N;, was determined to be 0.00
Debye (D), indicating that there is no ion separation between the
atoms.*” The DM values of CoB;;N;,, FeB;;N;,, and NiB;N,
were found to be 2.00 D, 3.03 D, and 1.58 D, respectively, which
are consistent with the previous studies.>””*° After the adsorption
of the HU drug onto these nanocages, the DM values increased
in both phases compared to the pure nanocages. Specifically, the
DM values for the complexes HU/B;,N;,, HU/CoB;1N;,, HU/
FeB,;N;,, and HU/NiB{;N;, were observed to be 7.03 D, 7.20 D,
7.29 D, and 7.36 D, respectively. These results are summarized in
Table 2. Thus, HU/B;,N;, > HU/CoB;;N;, > HU/FeB;;N;, >
HU/NiBy;N;, is the ascending order of the DM. The DM of
complexes and nanocages is much higher in the aqueous
medium than it is in the gas medium. For the HU/B;,N;,, HU/
CoB;1N;,, HU/FeB;;N;,, and HU/NiB,;N;, nanocages, the DM
was seen at around 10.72 D, 11.56 D, 11.47 D, and 11.40 D,
respectively. Consequently, these findings suggest that the
responsiveness of the HU rises with an increase in the DM.
The determined DMs demonstrate that the polarity of the
complex nanostructures is greater in the aqueous phase. Impor-
tantly, the DM also accounts for the water solubility of the
complexes, making them highly suitable for biological drug
delivery. The HU/NiB;;N;, complex is an excellent choice for
drug delivery applications since it shows the highest DM value in
both the gas and aqueous phases. Greater solubility in the
aqueous phase is indicated by a higher DM value.

3.4 Quantum molecular descriptor (QMD) analysis

Quantum molecular descriptors (QMDs), including chemical
potential (), global hardness (), global softness (S), and
electrophilicity index (w), were used to assess the stability
and reactivity of the complexes (Table 3). A decrease in p
generally corresponds to enhanced stability and reduced reac-
tivity, whereas a higher u indicates the opposite.*® Upon HU
adsorption, u decreases for all systems, implying improved
structural stability. Higher »n reflects greater resistance to
electronic deformation®® and lower reactivity, while increased
S and o indicate enhanced reactivity.® Our results show a
general decrease in  accompanied by increases in S and w after
HU adsorption, except for the HU/NiB;;N;, complex, which
exhibits increased # and reduced S and w, suggesting superior
chemical stability but lower reactivity. Overall, HU adsorption
significantly alters the stability-reactivity balance of the inves-
tigated nanocages.

3.5 Work function analysis

The sensitivity of the HU drug to the nanocages is expressed
mathematically by the work function (¢). Thus, we investigated
how the HU drug altered the nanocages’ ¢. It is possible to use

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the equation to find the minimum energy needed to extract one
electron from the Fermi level to infinity.>*

¢ = Vel(+oo) — Er 9)

Er represents the Fermi level, while the electrostatic
potential of an electron at infinity, Ve o), is taken as zero,

Table 3 For the systems under study in both media, the computed values
of the chemical potential (x), global softness (S) (in eV™Y), global hardness
(), and electrophilicity index (w) (in eV) are presented

Gas phase Water phase

Structures u S n [0} u S n w

HU drug 4.50 0.20 2.54 3.99 3.07 0.19 2.59 1.82
B1oNyy 3.98 0.21 2.37 3.35 4.47 019 2.59 3.87
HU/B;,N;, 522 0.89 0.56 24.21 4.06 020 2.49 3.30
CoB;1N, 4.78 090 0.55 20.60 5.12 0.88 0.57 23.12
HU/CoB,;N;, 5.46 1.89 0.27 56.15 4.89 0.90 0.56 21.48
FeB,;Ny, 431 0.87 0.57 1620 5.41 1.52 0.33 44.51
HU/FeB;;N;, 473 031  1.62 6.92 4.40 0.86 0.58 16.73
NiB;;N;, 5.48 0.98 0.51 29.52 5.63 2.06 0.24 65.34

HU/NiB;;N;, 450 0.20 2.54 3.99 566 0.95 0.52 30.53

© 2026 The Author(s). Published by the Royal Society of Chemistry

i.e., Veroo) = 0, distant from the surface. Therefore, ¢ = —Fp.
The main mechanism is that after the HU drug is adsorbed, the
adsorbent’s field emission characteristics are changed by the
change in ¢; when the gate voltage is commuted, an electrical
signal is generated.”® The change in ¢ upon drug adsorption
was determined using estimations from

Ap = Po = Pa 100%
Py

(10)

where the work functions, ¢, and ¢y, are those that occur before
and after the adsorption of the HU drug on the nanocages,

respectively.

The computed values of ¢ are presented in Table 4, and
Fig. 6 illustrates the variation of ¢ after the adsorption process.
Two significant metrics, Er and ¢, increase after the HU drug is
adsorbed onto the nanocage’s surface in gas as well as water
medium, except for HU/NiB;1N;,. The values of ¢ are signifi-
cantly altered when the HU drug adsorbs onto our predicted
nanocages. The negative value of Ap denotes an increase in ¢,
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Table 4 The systems under research in gas and water media are listed
together with their Fermi level (Eg), work function (@) in eV, and ¢ change
(%Ap)

Gas phase Water phase

Structures Eg @ %A@ Eg @ %A@
HU drug —3.06 3.06 — —-3.07 3.07 —
BNy, —4.50 450 1142  —4.47  4.47 9.36
HU/B;,N;, —3.98  3.98 —4.06  4.06
CoB,;N;, —5.22  5.22 8.56 —5.12  5.12 4.50
HU/CoBy;N;,  —4.78  4.78 —4.89  4.89

FeBy;1Ny» —5.46  5.46 2097 —541 5.41  18.65
HU/FeB,;N;, -431 431 —4.40  4.40

NiB;; Ny, —5.66 5.66 3.08 —5.63 5.63 0.44
HU/NiB;;N;, —5.48  5.48 —5.66  5.66

Compounds

Fig. 6 A diagram showing the variation of ¢ when the HU drug is
adsorbed onto the nanocages.
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whereas the positive sign denotes a decrease after the adsorp-
tion of the HU drug.

The values of ¢ are significantly altered when the HU medica-
tion adsorbs onto our anticipated nanocages. ¢ enhances
absorption by fortifying the electrostatic attraction to negatively
charged cell membranes. Reducing ¢ (to more neutral or nega-
tive) increases biocompatibility and circulation time. Therefore,
¢ modulation is a technique for developing responsive or
customized drug delivery systems. Following the adsorption of
the HU drug onto the HU/B,,N;,, HU/CoB;1N;,, HU/FeB;;Nj,,
and HU/NiB;;N;, nanocages, ¢ increases by approximately
11.42%, 8.56%, 28.31%, 20.97%, 3.08%, and 22.30% in the gas
medium, respectively, while a decrease of about 3.08% was
observed for HU/NiB;;N;,. Notably, HU/NiB;;N;, exhibited rela-
tively high ¢ values in both media, highlighting its potential as
an efficient carrier for HU drug delivery. Additionally, the values
of ¢ increased in the aqueous phase, indicating larger sensitivity.

3.6 COSMO surface study

When the complexes are observed in a living organism, they may
be encased in water molecules. Therefore, examining the effects
of the solvent phase on anti-cancer drug distribution is crucial.
The impact of the solvent on the HU drug’s adsorption proper-
ties on the nanocages, resulting in modifications to its electronic
behavior, was examined in our previous sections. To gain better
insights into the polarities of the complexes and the effects of the
solvent phase, the surfaces of COSMO have been examined.
We conducted a COSMO surface study of our compounds to
learn more about the solvent effect. The polar and non-polar
portions of the complexes are illustrated on the COSMO
surfaces as shown in Fig. 7. The positively charged region on
this COSMO surface is shown by the red part, which denotes a
hydrogen bond donor (HBD) region. The complexes’ negatively
charged hydrogen bond acceptor (HBA) region, on the other
hand, is shown by the blue section.””*® The yellowish-green
part also points to a non-polar, neutral area of the complexes.
Our study revealed that the HBD region grew after the HU was
adsorbed on the nanocages, particularly on the HU/NiB;1Nj,,

(a) (b)

(d)

©

Fig. 7 The comparable COSMO surfaces are displayed for (a) HU/B12N1,, (b) HU/CoB11N1,, () HU/FeB1iN1,, and (e) HU/NiB11N1,.
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suggesting that the complexes in the aqueous solvent medium
were highly polar. According to our DM measurement, the
polarity of the complexes in the solvent phase was greatly
enhanced by the adsorption of the HU drug molecules on the
nanocages.

4. Conclusions

Using DFT calculations in both gas and aqueous phases, the
adsorption of hydroxyurea (HU) on B;,N;,, CoB;;1N;,, FeB11Ny,,
and NiB;;N;, nanocages was investigated to identify an effi-
cient drug delivery system. All nanocages exhibited good con-
figurational and chemical stability with physisorption-type
interactions. The HU/NiB;N;, complex showed the highest
stability with adsorption energies of —1.00 eV (gas) and —0.86
eV (water). HU adsorption reduced the HOMO-LUMO energy
gap, indicating enhanced electrical conductivity, supported by
DOS analysis. Quantum molecular descriptors reveal that
NiB;;N;, possesses low reactivity, high sensitivity, and superior
chemical stability. Water-phase results further confirm favor-
able adsorption and increased polarity. Overall, NiB;;N;,
emerges as the most promising HU drug delivery nanocarrier.

Using DFT in both the gas and water phases, we examined
the adsorption nature of the HU drug on B;,N;,, CoB;;Ny,,
FeB;;Ny,, and NiB;;N;, nanocages to identify the most effective
drug delivery vehicle. Our analysis confirms that these nano-
cages are both configurationally and chemically stable for HU
adsorption. Adsorption energy (Eap) calculations revealed that
all interactions are of the physisorption type. Among them, the
HU/NiB;;N;, complex exhibited the highest stability, with
adsorption energies of —1.00 eV (gas phase) and —0.86 eV
(water phase). The HOMO-LUMO energy gap (E,) decreases as
a result of HU adsorption onto these nanocages, suggesting
improved electrical conductivity. The drug distribution mecha-
nism depends on the quantity of conduction electrons, which
rises when E, falls. Significant diversity in E, values across the
adsorbents is further confirmed by the DOS study.

The quantum molecular descriptors (QMDs) reveal that the
HU/NiB,;N;, complex demonstrates low reactivity, high sensi-
tivity, and superior chemical stability compared to others. In
addition, water-phase calculations highlight the influence of
the biological environment, where both DM and E,p values
suggest favorable adsorption behavior and enhanced polarity in
the complexes. Taken together, these findings indicate that
while all the investigated nanocages are effective HU carriers,
the NiB,,N;, nanocage stands out as the most promising drug
delivery system due to its superior adsorption behavior, sensi-
tivity, and stability.
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