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Abstract 

The rational design of biocompatible nanocarriers is essential for improving the efficacy and 

safety of anticancer therapeutics. Aluminum nitride nanotubes (AlNNTs) functionalized with 

biologically relevant sorbic acid (SA), butyric acid (BA), amine (–NH₂), and carbonyl (C=O) 

groups are evaluated as potential delivery platforms for 5-fluorouracil (5-FU). Surface 

modification with these functional groups enhances the polarity, active-site reactivity, and 

aqueous dispersibility of AlNNTs, generating a chemically enriched interface for strong drug 

anchoring. Structural analysis reveals pronounced local rehybridization, increased dipole 

moments, and improved solvation tendencies upon functionalization. The modified systems 

exhibit stronger adsorption energies and enhanced charge redistribution, confirming favourable 

interactions and encapsulation behaviour toward 5-FU. Furthermore, the calculated activation 

energy barriers indicate stable drug retention under physiological conditions with the 

possibility of stimulus-responsive release at the therapeutic site. Collectively, these findings 

position dual-functionalized AlNNTs as promising and tunable nanocarriers, laying a 

predictive foundation for the rational design of one-dimensional platforms for precision-

targeted anticancer drug delivery. 

Keywords: Aluminum nitride nanotubes (AlNNT), Surface functionalization, Density 

functional theory (DFT), Nanocarrier design, 5-Fluorouracil, Adsorption and encapsulation. 
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1. Introduction 

The precise and efficient delivery of therapeutic agents remains a central challenge in modern 

medicine, particularly in oncology, where the therapeutic window of chemotherapeutic drugs 

is often narrow. Conventional drug delivery strategies are frequently constrained by poor 

solubility, low stability, non-specific biodistribution, rapid clearance, and high systemic 

toxicity, collectively limiting therapeutic efficacy and compromising patient outcomes.¹ This 

limitation is exemplified by 5-fluorouracil (5-FU), a widely employed chemotherapeutic agent 

for colorectal, breast, and gastrointestinal cancers. 5-FU exerts its effect by inhibiting 

thymidylate synthase, disrupting DNA synthesis in rapidly proliferating cancer cells.² Despite 

its clinical relevance, 5-FU is plagued by low bioavailability, rapid metabolism, and systemic 

toxicity,³ highlighting the need for advanced nanocarrier systems capable of enhancing 

solubility, protecting against premature degradation, and achieving controlled, site-specific 

delivery.⁴ 

Nanocarrier-based systems have emerged as transformative tools to address these challenges. 

By providing high drug-loading capacity, protection against premature degradation, controlled 

or stimuli-responsive release, and surface modification for active targeting, nanocarriers enable 

precise delivery of therapeutic agents while minimizing off-target effects. Nevertheless, current 

nanocarrier platforms face persistent challenges, including limited biocompatibility, instability 

under physiological conditions, low targeting specificity, and suboptimal drug-loading 

efficiency.⁵ Organic carriers, although generally biocompatible, often exhibit weak drug-

binding interactions and insufficient structural robustness, whereas inorganic nanoparticles 

offer mechanical and chemical stability but may display cytotoxicity or limited 

biodegradability.⁶ These limitations highlight the importance of developing tunable, 

biocompatible, and structurally stable nanocarriers capable of balancing drug-binding affinity, 

solubility, and safe degradation, motivating the exploration of one-dimensional (1D) 
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nanomaterials with reactive surfaces and controllable functionalization for precision-targeted 

therapy.⁷ 

Among emerging 1D nanomaterials, aluminum nitride nanotubes (AlNNTs) are uniquely 

positioned as promising candidates for biomedical applications.⁸ Structurally analogous to 

carbon and boron nitride nanotubes, AlNNTs demonstrate exceptional mechanical strength, 

thermal stability, and chemical inertness, enabling them to operate under physiologically and 

environmentally challenging conditions.⁹ Electronically, AlNNTs possess a wide and tunable 

bandgap (3–6 eV, depending on chirality and diameter), supporting stable semiconducting 

behavior, minimal electron leakage, and efficient charge-transfer capabilities.¹⁰ The polar Al–

N bonds generate localized charge distributions at aluminum and nitrogen sites, creating 

reactive centers for adsorption and covalent functionalization.¹¹ This intrinsic surface polarity 

allows precise anchoring of functional groups such as organic acids, amines, and carbonyl 

moieties, effectively modulating surface chemistry to improve drug-binding affinity, solubility, 

and release kinetics. Despite these compelling features, the biomedical applications of AlNNTs 

remain largely unexplored, with prior studies predominantly focused on their electronic, 

thermal, or optoelectronic properties.¹² 

Compared to widely studied nanocarriers such as carbon nanotubes (CNTs), boron nitride 

nanotubes (BNNTs), and Al₂O₃-based nanostructures, aluminum nitride nanotubes (AlNNTs) 

exhibit several distinct advantages that justify their consideration as alternative drug delivery 

platforms. Unlike CNTs, which often suffer from hydrophobicity, aggregation, and potential 

cytotoxicity unless extensively functionalized, AlNNTs possess intrinsically higher polarity 

and partial ionic character, leading to improved interaction with polar drug molecules and 

enhanced dispersion in aqueous environments. While BNNTs offer excellent chemical stability 

and biocompatibility, their wide band gap and chemically inert surface often limit strong drug 

binding and require functionalization to achieve effective loading13. In contrast, AlNNTs 
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exhibit intermediate polarity and tunable electronic properties, enabling balanced drug 

adsorption strength that is favorable for both stable loading and controlled release8,14. 

Compared to Al₂O₃ nanostructures, which are generally zero- or two-dimensional and 

dominated primarily by surface adsorption15, the one-dimensional hollow structure of AlNNTs 

provides distinct advantages, including a higher surface-to-volume ratio, potential 

encapsulation pathways, curvature-induced charge redistribution, and enhanced tunability to 

surface functionalization, thereby enabling improved drug–carrier interactions and greater 

flexibility in tuning drug affinity and controlled release behavior16. These features collectively 

distinguish AlNNTs as a promising and complementary nanocarrier system rather than a 

replacement for existing platforms. 

Recent experimental investigations have reported successful drug loading, pH-responsive 

release behavior, enhanced cytotoxicity toward cancer cells, and minimal toxicity toward 

normal cell lines in in vitro studies, thereby supporting the suitability of AlN nanoparticles for 

biomedical applications17 . Additional reports discussing the application of AlN nanostructures 

in drug delivery further emphasize their favorable physicochemical characteristics and 

interaction behavior relevant to therapeutic use18 . Moreover, the experimental synthesis and 

structural stability of hexagonal AlN nanotubes have been previously demonstrated 19, 

confirming the feasibility of AlN-based nanotubular structures. 

Although direct experimental investigations on the encapsulation of 5-fluorouracil (5-FU) 

within aluminum nitride nanotubes (AlNNTs) remain limited, the feasibility of the proposed 

drug-loaded system can be reasonably justified based on experimental evidence reported for 

analogous nanotube-based nanocarriers. Carbon nanotubes (CNTs), which exhibit structural 

characteristics comparable to AlNNTs including hollow cylindrical geometry, high aspect ratio, 

and nanoscale confinement capability, have been extensively explored as drug delivery 

platforms. Experimental studies have demonstrated that 5-FU can be successfully loaded onto 
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functionalized multi-walled carbon nanotubes (MWCNTs), showing high drug-loading 

efficiency, stable drug–carrier interactions, and controlled release behavior 20. Notably, these 

systems exhibit pH-responsive drug release, with enhanced release under acidic conditions 

characteristic of the tumor microenvironment21. In vitro biological evaluations further 

confirmed that 5-FU-loaded CNTs retain or enhance anticancer efficacy relative to the free 

drug22. Given the comparable tubular morphology, internal cavity structure, and 

physicochemical characteristics of AlNNTs, similar host–guest interactions and encapsulation 

behavior are therefore anticipated. 

Surface functionalization is pivotal for transforming AlNNTs into highly effective drug 

nanocarriers.23Pristine AlNNTs, although structurally stable and electronically versatile, 

possess relatively inert surfaces that limit interactions with polar or bioactive molecules.24 

Incorporating functional groups such as carboxyl (–COOH), amine (–NH₂), and carbonyl 

(C=O) enhances hydrophilicity, polarity, and hydrogen-bonding potential, promoting stronger 

drug adsorption and controlled release.25 In this study, sorbic acid and butyric acid were 

selected as primary organic anchors due to their biocompatibility and inherent bioactivity. 

Sorbic acid, with its conjugated double bonds, facilitates π-electron delocalization, enhancing 

charge transfer and stabilizing adsorbed species.26 Butyric acid, a short-chain fatty acid, 

improves hydrophilicity and exhibits potential anticancer activity via modulation of cellular 

metabolic pathways.27 Complementary incorporation of amine and carbonyl groups on the 

opposite surface of the nanotube provides a rational strategy to fine-tune polarity, steric 

hindrance, and hydrogen-bonding interactions, optimizing the drug–nanotube interface for 

both adsorption and encapsulation of 5-FU.28 

Previous DFT studies on carbon and boron nitride nanotubes have demonstrated that surface 

functionalization can substantially enhance affinity toward therapeutic agents such as 5-FU, 

hydroxyurea, and doxorubicin.29-32 To ensure a physically meaningful description of 
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functionalization effects, both edge/near-end and sidewall sites were considered. Edge atoms, 

characterized by lower coordination and higher chemical reactivity, provide energetically 

favorable anchoring points with minimal lattice distortion, whereas sidewall sites represent the 

dominant nanotube surface relevant for adsorption and charge redistribution. Mixed-site 

functionalization was also examined to better reflect realistic experimental modification 

conditions better. The armchair (5,5) AlNNT was selected as a representative model due to its 

established structural stability, semiconducting character, and widespread use in prior first-

principles studies, enabling reliable comparison with the literature while maintaining 

computational efficiency. Despite these advances, analogous studies on functionalized AlNNTs 

remain limited. The work by Al-Zuhairy et al.33 provides valuable molecular insight into the 

interaction of 5-fluorouracil with pristine AlN nanotubes, primarily focusing on adsorption 

energetics, charge transfer, and electronic structure modulation. Similarly, the study reported 

by Changyin Gan et al.34 investigates drug adsorption on AlN-based systems with emphasis on 

electronic response and sensing-related behavior. Earlier computational investigations, 

including our previous study on Carmustine-loaded AlNNTs35, primarily focused on surface 

adsorption without considering asymmetric functionalization or confinement-driven 

stabilization. 

In contrast, the present work extends beyond these studies by introducing a systematic dual-

side surface functionalization strategy using biocompatible organic acids (sorbic and butyric 

acid) combined with donor (–NH₂) and acceptor (C=O) groups, an approach not previously 

explored for AlNNT-based drug delivery. This study establishes a correlation between 

structural modification and drug–carrier behavior, including thermodynamic stability, 

hybridization transitions, dipole moment enhancement, ionic character modulation, and 

explicit solvation behavior. Importantly, unlike earlier reports largely limited to surface 

adsorption, we explicitly investigate and compare both adsorption and encapsulation 
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mechanisms, supported by molecular dynamics and NEB calculations to assess kinetic stability, 

improved drug-loading capacity, and controlled release feasibility. 

While individual quantities such as adsorption energies or electronic properties can indeed be 

obtained from first-principles calculations, the novelty of the present work lies in the 

integration of Density Functional Theory with Molecular Dynamics (MD) and Nudged Elastic 

Band (NEB) analyses to resolve both dynamic stability and release kinetics, which cannot be 

inferred from static calculations alone. The MD simulations provide insight into the temporal 

stability of drug–nanocarrier complexes under physiologically relevant conditions, revealing 

distinct fluctuation behaviors associated with surface adsorption and encapsulation. More 

importantly, NEB calculations yield quantitative activation barriers governing drug release 

pathways, thereby explicitly distinguishing thermodynamic stability from kinetic accessibility. 

This combined framework enables the identification of non-obvious trade-offs between drug 

retention and controlled release, offering predictive and actionable design principles for tunable 

nanocarrier performance. 

Thus, while earlier studies established the fundamental suitability of AlNNTs for drug 

interaction, the novelty of the present work lies in its systematic functionalization strategy, 

deeper mechanistic insight into polarity-controlled drug retention and release, and enhanced 

biological relevance. 

To address this gap, the present work employs first-principles Density Functional Theory 

(DFT) to provide a comprehensive understanding of the interplay between dual-side 

functionalization, structural stability, electronic properties, and solvation effects. Detailed 

calculations include formation energies, charge redistribution, adsorption energies, electronic 

density of states, and solvation behavior, offering a predictive framework for evaluating 

nanocarrier performance under physiologically relevant conditions. 
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The primary objective of this study is to design and evaluate functionalized (5,5) AlNNTs as 

efficient nanocarriers for targeted 5-FU delivery. Adsorption studies were performed at reactive 

aluminum and nitrogen sites, and encapsulation within the nanotube cavity was considered. 

Analyses of structural deformation, electronic modulation, charge redistribution, binding 

energetics, and solvation behavior elucidate the synergistic impact of dual-side 

functionalization. 

The novelty of this work lies in its systematic DFT-based investigation of asymmetric dual-

side functionalization of AlNNTs combined with dynamic and kinetic analyses. The findings 

position AlNNTs as versatile, biocompatible, and chemically tunable systems for precision-

targeted anticancer therapy. 

In addition to its material-design contributions, this work addresses key limitations in 

chemotherapeutic delivery, particularly for small molecules such as 5-fluorouracil that exhibit 

rapid clearance, low stability, and high systemic toxicity. The functionalized AlNNTs 

developed here create a tunable chemical interface capable of modulating polarity, solvation, 

and molecular affinity, enabling more predictable drug retention and controlled release under 

physiologically relevant conditions. 

2.Modeling and Computational Methods 

In this study, all simulations were carried out using first-principles calculations based on 

Density Functional Theory (DFT), as implemented in the QuantumATK.36 This platform 

enables accurate modeling of low-dimensional systems and has been extensively validated for 

nanomaterial studies. To efficiently describe the electronic structure of the one-dimensional 

Aluminum Nitride Nanotube (AlNNT) systems, we utilized the Linear Combination of Atomic 

Orbitals (LCAO) approach.37 This method allows a compact yet flexible representation of wave 

functions, significantly reducing computational cost without compromising accuracy, making 
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it highly suitable for systems with extended periodicity such as nanotubes. . For geometry 

optimization, the Generalized Gradient Approximation (GGA) was adopted with the Perdew-

Burke-Ernzerhof (PBE) exchange-correlation functional .38 PBE is well-regarded for offering 

a balanced trade-off between computational speed and reliable prediction of bond lengths and 

angles in covalently bonded nanostructures. After achieving the equilibrium configurations, a 

more refined functional was employed for the evaluation of electronic properties. The 

R2SCAN functional, which belongs to the meta-Generalized Gradient Approximation (meta-

GGA) family, was selected due to its ability to more accurately capture subtle electronic 

interactions and to improve the description of localized states and band gap predictions.39 This 

dual-functional approach using GGA for structure and MGGA for electronics ensures both 

efficiency and accuracy across different simulation stages. Structural relaxation was carried out 

under stringent criteria. The maximum force tolerance was set to 0.05 eV/Å, ensuring that the 

system reached a mechanically stable minimum on the potential energy surface. During 

relaxation, a vacuum buffer of at least 20 Å in both x and y directions was introduced to isolate 

the nanotube from its periodic images, thereby eliminating spurious interactions and mimicking 

an effectively isolated nanostructure. Given the one-dimensional nature of the nanotubes, 

Brillouin zone sampling was limited to the direction along the tube axis (z-axis), using a 

Monkhorst-Pack grid of 1 × 1 × 120 k-points. This dense grid provides sufficient resolution to 

capture intricate variations in the electronic band structure, especially near the Fermi level, 

which is essential for understanding the conductive or semiconductive nature of the hybrid 

systems. The electronic wavefunctions were expanded using a double-zeta polarized (DZP) 

basis set ,40 which incorporates polarization functions to better model anisotropic charge 

distributions and allows for improved treatment of both bonding and lone-pair electrons in the 

system. To ensure numerical accuracy, a mesh cutoff energy of 250 Rydberg was adopted. This 

parameter defines the real-space grid density used for solving the Poisson equation and ensures 
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well-converged total energies and charge densities. Additionally, self-consistent field (SCF) 

convergence was enforced to a threshold of 1 × 10⁻⁵ eV, guaranteeing stable and reproducible 

electronic results throughout the calculations. This multi-tiered computational setup enables a 

detailed analysis of both structural and electronic properties of pristine and functionalized 

AlNNT systems, ensuring that the theoretical predictions are reliable and directly comparable 

with experimental or other computational studies. 

 

 

 

 

3. Results and Discussions 

3.1. Morphological Alterations Induced by Functionalization 

3.1.1 Geometric Structure of Pristine and Functionalized AlNNTs 

(a)

(e)(d)(c)(b)

Fig 1: Optimized geometrical structures of the modeled entities, including (a) pristine AlNNT, (b) sorbic 

acid, (c) butyric acid, (d) carbonyl, and (e) amine. 

Page 10 of 58Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

4/
20

26
 4

:3
5:

42
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5TB02632F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb02632f


The optimised pristine aluminum nitride nanotube (AlNNT) exhibits a well-defined hexagonal 

lattice with a uniform Al–N bond length of 1.81 Å and internal bond angles of 122.13°. These 

parameters are characteristic of sp² hybridisation and reflect a quasi-planar geometry that 

imparts high structural rigidity and symmetry to the nanotube, as reported in our previous 

studies (Fig.1).41 The following configurations were investigated: AlNNT functionalized with 

sorbic acid and one amine group [AlNNT (SA)(–NH₂)], with two amine groups [AlNNT 

(SA)2(–NH₂)], and the corresponding carbonyl-functionalized systems [AlNNT (SA)(C=O)] 

and [AlNNT (SA)2(C=O)]. A parallel series of structures was constructed for butyric acid: 

[AlNNT (BA)(–NH₂)], [AlNNT (BA)2(–NH₂)], [AlNNT (BA)(C=O)], and [AlNNT 

(BA)2(C=O)] (Fig.2), (Figure S1). 

Upon surface modification with the selected organic acids, namely sorbic acid (SA) and butyric 

acid (BA), notable morphological distortions emerge. Functionalization induces localized  
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(a)
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lattice strain, leading to elongation of bond lengths and compression of bond angles near the 

anchoring sites.42 Specifically, the Al–O bond length increases to 1.93 Å in AlNNT–SA and 

2.09 Å in AlNNT–BA, while the bond angles decrease to 101.48° and 98.93°, respectively, 

relative to the pristine configuration .43 These structural deviations indicate a departure from 

the intrinsic planarity of the nanotube and reflect a transition toward a more distorted, less 

symmetric geometry.Further modification was achieved by introducing amine (–NH₂) and 

carbonyl (C=O) groups at the distal end opposite to the organic acid attachment site to explore 

the synergistic effects of dual-side functionalization. 

3.1.2 Influence of Functional Groups on Local Bonding Characteristics 

The extent of structural alteration in functionalized AlNNTs is intrinsically governed by the 

electronic nature and chemical identity of the attached functional groups. Amine (–NH₂) and 

(f)

Fig.2 Optimized side, top, and cross-sectional views of functionalized Aluminum Nitride Nanotube 

systems: (a) AlNNT(SA), (b) AlNNT(BA), (c) AlNNT(SA)2(C=O) 

(c) 
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carbonyl (C=O) groups exert distinct influences on the local bonding environment. In NH₂-

functionalized systems, the Al–N bond length ranges from 1.87 Å to 1.96 Å (Table S1), with 

only minor lattice distortion, suggesting localized perturbations at the anchoring sites. 44 

In contrast, the incorporation of carbonyl moieties induces more pronounced structural 

variations. In these systems, the Al–C bond length extends up to 2.10 Å, particularly in dual-

site functionalized configurations, owing to charge polarization and orbital delocalization 

associated with the electron-withdrawing nature of the carbonyl group.45 These changes are 

accompanied by a reduction in bond angles often below 99° indicating a deviation from sp² 

hybridization toward a more sp³-like bonding character .46 

This rehybridization is corroborated by hybridization analysis, which quantifies the 

redistribution of orbital character upon functionalization. The s-character percentage was 

calculated using the relation: 

𝑠 =
1

1 + 𝑚
× 100 

where, 𝑚 =
−1

cos 𝜃
 

 

where θ represents the average bond angle of the system (Al–O, Al–C, Al–N). The 

corresponding p-character percentage is determined as: 

𝑝 = 100 − 𝑠 

 

For the pristine AlNNT, the s-character is 34.71%, consistent with dominant sp² hybridization, 

as reported in our previous studies.41 Upon functionalization, the s-character decreases 

markedly to approximately 12.70% in the highly modified systems, while the p-character 
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correspondingly increases beyond 87%. This substantial shift toward higher p-character 

reflects the formation of more directional and flexible bonds.47 Such enhanced p-character 

improves angular adaptability and polarizability of the nanostructure properties that are 

particularly advantageous for drug delivery.48 Increased angular flexibility allows the 

functionalized AlNNT to better conform to complex biological environments, strengthening 

interactions with target molecules and enhancing delivery efficiency. 

 

 

The variations in bond angles and the associated redistribution of s/p hybridization upon 

surface functionalization (Fig.3) are indicative of localized electronic reorganization at the 

AlNNT surface and have direct implications for drug adsorption and stability. In particular, an 

increase in p-character reflects enhanced orbital directionality and surface polarization at the 

functionalized sites. Such electronic changes strengthen noncovalent interactions, including 

hydrogen bonding, electrostatic attraction, and dipole–dipole interactions, with polar drug 

Fig.3. Comparison between Bond Angle (0), and hybridization (s/p character) (%) of SA- and BA-

functionalized AlNNT systems. 
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molecules such as 5-fluorouracil. Even moderate increase in p-character are sufficient to 

modify the local charge density distribution and improve orbital overlap between surface Al/N 

atoms and the heteroatoms (O and N) of the drug molecule. This enhanced electronic coupling 

stabilizes the adsorbed or encapsulated drug configurations, contributing to stronger binding 

and reduced structural fluctuations at the interface. Consequently, the bond-angle distortions 

and hybridization changes observed upon functionalization are not merely geometric effects 

but are directly linked to improved drug–carrier interactions, as corroborated by the adsorption 

energetics and molecular dynamics stability discussed in subsequent sections. 

Overall, the observed variations in bond parameters underscore the chemical tunability of 

AlNNTs. The demonstrated ability to modulate bond lengths, bond angles, and hybridization 

states through strategic surface functionalization highlights the promise of AlNNT-based 

nanostructures as versatile platforms for targeted drug delivery and other advanced biomedical 

applications. 

3.2 Electronic Structure Analysis 

3.2.1 Band Structure Evolution and Functionalization-Induced Modulation 

The electronic band structures of the functionalized armchair (5,5) aluminum nitride nanotubes 

(AlNNTs) are presented in Fig 4a-4c. Functionalization with sorbic and butyric acids, together 

with amine (–NH₂) and carbonyl (–C=O) groups, induces pronounced modifications in the 

electronic dispersion along the Γ–Z direction. Across all systems, the energy bands near the 

Fermi level undergo rearrangement, reflecting strong orbital coupling between the nanotube 

surface atoms and the attached functional groups. 

The significant difference observed between the band gaps of SA–AlNNT (1.62 eV) and BA–

AlNNT (3.73 eV), as well as the distinct variations in their band dispersions, originates from 

fundamental differences in the molecular electronic structures and interfacial orbital 
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interactions introduced by sorbic and butyric acid functionalization. Sorbic acid, an unsaturated 

molecule containing a conjugated diene system (C=C–C=C), possesses delocalized π-electrons 

capable of interacting efficiently with the surface orbitals of the AlNNT. PDOS analysis of SA–

AlNNT reveals enhanced p-orbital contributions near the Fermi level arising from the sorbic 

acid moiety, indicating strong energetic overlap between molecular-derived π-states and the 

intrinsic nanotube states contributing to the valence band maximum (VBM) and conduction 

band minimum (CBM). This increased orbital hybridization and charge redistribution perturb 

the band edges, resulting in substantial band gap narrowing and modified band curvature. 

In contrast, butyric acid is a saturated aliphatic molecule dominated by localized σ-bonding 

orbitals and lacking π-conjugation. Consequently, the PDOS of BA–AlNNT shows that 

molecule-induced states remain largely separated from the band edges, leading to weaker 

orbital coupling, reduced charge transfer, and minimal perturbation of the intrinsic AlNNT 

electronic structure. This preservation of the nanotube’s electronic topology explains the 

comparatively wider band gap and less pronounced dispersion changes. 

Further modulation of the electronic structure is introduced by secondary functional groups.In 

the amine-functionalized systems, corresponding to n-type behavior, donor states appear near 

the valence band maximum (VBM), bringing it closer to the Fermi level.49 This arises from 

electron donation by the nitrogen lone pairs to adjacent aluminum atoms, which introduces 

additional occupied states at the top of the valence band. Both sorbic- and butyric-acid-

modified nanotubes show a narrowing of the band gap, enhanced band overlap, and partial 

band flattening near the Fermi level, indicating localization of electrons at the functionalization 

sites. The n-type modification increases the density of conduction electrons and enhances 

charge carrier availability, which is favorable for electron-mediated interactions during drug 

adsorption.50 Conversely, the carbonyl-functionalized systems exhibit p-type behavior, 

characterized by the formation of acceptor states just below the conduction band minimum 
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(CBM). The electron-withdrawing oxygen atoms pull electron density from the AlNNT 

surface, creating hole-like states in the valence region. In both sorbic- and butyric-acid-

functionalized nanotubes, this results in a reduced band gap and the emergence of flattened 

conduction-edge bands, indicative of localized electronic states and strong interfacial 

polarization.51 The p-type modification favors hole-mediated charge redistribution, which can 

influence drug binding and release processes. 

Overall, these n-type and p-type modifications demonstrate that the electronic properties of 

AlNNTs can be systematically tuned by selecting appropriate functional groups. Donor-like 

amine groups inject electrons, whereas acceptor-like carbonyl groups withdraw electrons, 

enabling controlled modulation of orbital overlap, charge distribution, and electronic 

reactivity.52 Such tunability is critical for optimizing AlNNTs as nanocarriers for charge-

assisted drug adsorption and controlled release. 

3.2.2 Total and Projected Density of States (DOS and PDOS) Analysis 

The total density of states (DOS) of the functionalized AlNNT (Figure S2) and functionalized 

systems is shown in Figure S3a-3b. A pronounced redistribution of electronic states occurs 

upon surface modification, emphasizing the strong influence of chemical bonding on the 

nanotube’s electronic structure. Across all functionalized configurations, additional states 

emerge near the Fermi level, accompanied by distinct shifts in the band edges. These 

modifications indicate that surface functionalization alters the electronic occupation and 

modifies the potential landscape of the nanotube framework. 

Single-side functionalization introduces such discrete states near the valence- or conduction-

band edges, whereas double-side functionalization (2X) enhances the spectral intensity near 

EF and slightly narrows the effective band gap. The DOS profiles of the 2X systems display 

broader features and smoother transitions between the occupied and unoccupied regions, 
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reflecting stronger orbital coupling and partial delocalization of the induced states.53 The 

emergence of these hybridized levels within or adjacent to the original gap underscores the 

formation of new electronic states resulting from strong chemical interactions between the 

nanotube surface and the attached organic fragments.For the sorbic acid (SA) based systems, 

characteristic flat bands are observed at the conduction-band (CB) edge. In the singly 

functionalized AlNNT(SA) and carbonyl-functionalized SA systems, nearly dispersionless 

features appear at approximately 0.9 eV above the Fermi level. In contrast, the amine-

functionalized SA systems, both single and double substitutions, exhibit flat states centred 

around 1.6 eV at the CB edge. These flat bands correspond to localized electronic states 

primarily confined to the sorbic acid moiety or the attached functional groups. Owing to their 

spatial localization and weak hybridization with the extended AlNNT states, these levels 

contribute negligibly to charge transport and do not significantly alter the global band topology 

or the intrinsic semiconducting nature of the nanotube. Their presence merely reflects weak 

molecular resonances rather than defect- or impurity-induced conductive channels, thereby 

preserving the overall electronic integrity and stability of the system .54 

The projected density of states (PDOS)(Fig 5a-5e) provides further insight into the orbital 

origin of these modifications. Decomposition of the DOS reveals that the states near EF 

primarily originate from the O-2p, C-2p, and N-2p orbitals of the functional groups, which 

hybridize with the Al-3p and N-2p states of the nanotube surface. The extent and energetic 

alignment of these hybridized orbitals depend strongly on the electronegativity and bonding 

configuration of the substituents. 

In the carbonyl-functionalized complexes, the O-2p and C-2p orbitals contribute substantial 

spectral weight near the upper valence region. Their strong p–p coupling with nitrogen orbitals 

of the tube wall produces bonding and antibonding combinations that elevate the valence-band 

edge and partially populate the gap.55 Conversely, the amine- and amide-functionalized 
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configurations exhibit distinct N-2p features near the conduction region, corresponding to the 

overlap of lone-pair orbitals with unoccupied Al-3p states. These localized bonding interactions 

perturb the conduction-band edge and generate characteristic PDOS features near EF. 

A comparison between single- and double-side configurations reveals a consistent evolution 

from localized to delocalized electronic behavior. Single-side attachment yields sharp, narrow 

PDOS peaks that reflect localized states confined to the adsorbed moieties, while double-side 

functionalization broadens these peaks and merges them with the nanotube continuum, 

signifying enhanced orbital overlap and greater electronic dispersion along the tube axis. Such 

broadening indicates the emergence of spatially extended states capable of facilitating charge 

transport and modulating the effective conductivity of the system .56 

The overall redistribution of DOS and PDOS originates from two coupled mechanisms: (i) 

orbital hybridization, which forms new bonding and antibonding combinations near the band 

edges, and (ii) local electrostatic perturbation, induced by the polar functional groups that 

reshape the potential energy landscape around the adsorption sites. The appearance of weakly 

dispersive, flat states does not degrade the electronic performance, as these states are localized 

and energetically isolated from the principal conduction pathways. Collectively, these results 

demonstrate that controlled chemical functionalization enables fine-tuning of the electronic 

structure of AlNNTs through targeted orbital coupling, without compromising their inherent 

semiconducting framework. 
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(a)

(i) (ii) 

Fig 4a. Band structure for (i)AlNNT (SA), (ii)AlNNT (BA) 

(b)

(iv) (iii) (ii) (i) 

Fig 4b. Band structure for (i)AlNNT (SA)(–NH₂), (ii) AlNNT (SA)2(–NH₂), (iii)AlNNT 

(SA)(C=O), (iv)AlNNT (SA)2(C=O) 
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(c)

Fig 4c. Band structure for (i)AlNNT (BA)(–NH₂), (ii)AlNNT (BA)2(–NH₂), (iii)AlNNT 

(BA)(C=O),and (iv) AlNNT (BA)2(C=O) 

Fig 5a. PDOS for (i) AlNNT (SA), and (ii)AlNNT (BA) 

(iv) (iii) (ii) (i) 

(i) (ii) 
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Fig 5b. PDOS for (i)AlNNT (SA)(–NH₂), and (ii) AlNNT (SA)2(–NH₂)  

Fig 5c. PDOS for(i) AlNNT (BA)(–NH₂), and (ii) AlNNT (BA)2(–NH₂),  

(ii) (i) 

(ii) (i) 
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Fig 5d. PDOS for (i)AlNNT (SA)(C=O), and (ii)AlNNT (SA)2(C=O). 

 

Fig 5e. PDOS for (i)AlNNT (BA)(C=O), and (ii)AlNNT (BA)2(C=O). 

 

(ii) (i) 

(ii) (i) 
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3.3 Thermodynamic Stability Assessment 

3.3.1 Binding, and Formation Energies 

The thermodynamic stability of pristine and functionalized aluminum nitride nanotubes 

(AlNNTs) was investigated using first-principles density functional theory (DFT), focusing on 

binding energy (B.E.), and formation energy (F.E.) (Table S2). These energetic descriptors 

collectively provide insights into system stability, host–guest interactions, and synthetic 

feasibility57. 

Binding energy quantifies the interaction strength between the AlNNT scaffold and the 

functional groups, providing insight into the thermodynamic favorability of functionalization. 

It was calculated as: 

𝐵. 𝐸. = 𝐸AlNNT-(X/2X) − (𝐸AlNNT + 𝐸X/2X) 

where 𝐸AlNNT-(X/2X)is the total energy of the functionalized system, 𝐸AlNNTis the energy of the 

pristine nanotube, and 𝐸X/2Xis the energy of the isolated functional molecule(s) considered in 

Fig 6. Comparison of Binding Energy (eV) and Formation Energy (eV) for AlNNT 

and AlNNT Functionalized Systems 
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their neutral, intact form. Negative B.E. values indicate energetically favorable attachment of 

the functional groups.58 In this study, AlNNT(SA)-2(NH₂) and AlNNT(BA)-2(NH₂) exhibited 

B.E. values of −7.25 eV and −6.78 eV, respectively, reflecting strong chemisorption due to lone 

pair electrons of the amino groups donating electron density to empty orbitals of Al or N atoms. 

Carbonyl-functionalized systems also showed substantial negative B.E. values, arising from π-

conjugation with the AlNNT surface and dipole–dipole interactions. The trend of increasingly 

negative B.E. for dual-functionalized systems highlights a cooperative stabilization effect, 

where multiple functional groups enhance electron delocalization and interfacial interactions. 

The Formation energy is obtained for AlNNT using 

EF.E =  
1

𝑁
 [EAlN – X (EAl) – Y (EN)]              

EF.E represents the formation energy,where N is the total number of atoms in the nanotube, X 

and Y denote the numbers of Al and N atoms, respectively, EAlN is the total energy of the 

nanotube, and, and EAl, EN are the reference energies of isolated Al and N atoms. 

For AlNNT (X/2X) Formation energy  is obtained using equation  

EF =  
1

𝑁
 [EAlNNT (X/2X) – X1 (EAl) – X2 (EN) – X3(EH) – X4 (EC) – X5 (EO)]   

where EAlNNT (X/2X) is the total energy of the functionalized nanotube, X₁–X₅ represent the 

numbers of Al, N, H, C, and O atoms, respectively, and X1 (EAl), X2 (EN), X3(EH), X4 (EC) and 

X5 (EO ) correspond to the energies of the isolated atoms. 

Formation energy indicates the thermodynamic feasibility of synthesizing the functionalized 

nanohybrids from their constituent components. Negative F.E. values confirm that the 

formation is energetically favorable and that the resulting structures are intrinsically stable.59 

All functionalized AlNNT systems in this study exhibited negative formation energies. Dual-

functionalized systems, particularly those containing carbonyl (C=O) groups, demonstrated 

slightly more favorable F.E. values compared to amino-functionalized analogues. This 
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enhanced stability is attributed to π-conjugation with the AlNNT π-system and strong dipole–

dipole interactions, which further lower the overall energy of the nanohybrid. 

Considering the combined trends in total, binding, and formation energies, the functionalized 

AlNNTs can be ranked in terms of thermodynamic stability as follows:[ AlNNT(SA)2(C=O)] 

>[AlNNT(SA)2(-NH₂)]>[AlNNT(BA)2(C=O)]>[AlNNT(BA)2(-NH₂)]> [AlNNT(SA)(C=O)] 

> [AlNNT(BA)(C=O)] > [AlNNT(SA)(-NH₂)] > [AlNNT(BA)(-NH₂)] > AlNNT(SA) > 

AlNNT(BA). This ranking underscores that dual side functionalization with polar groups, 

particularly C=O, maximizes energy stabilization and binding affinity, positioning these 

systems as highly promising nanocarriers for targeted drug delivery applications. 

 

3.4 Polar Character and Charge Redistribution 

3.4.1 Mulliken Charge Distribution, Bonding Evolution, and Solvation Implications 

The pristine aluminum nitride nanotube (AlNNT) exhibits a nearly uniform electron 

distribution, with Al–N Mulliken charges of –0.002 e, indicative of highly covalent and 

symmetric bonding. The near-equal electron sharing between Al and N atoms results in 

negligible polarity, as explained in our previous study .35 

Covalent functionalization with electron-withdrawing (–COOH, –C=O) or electron-donating 

(–NH₂) groups induces localized charge redistribution, quantified via Mulliken population 

analysis. Acid groups, such as sorbic acid (SA) and butyric acid (BA), withdraw electron 

density from adjacent Al–N bonds, generating partial positive charges on the functional 

moieties. Amine (–NH₂) groups act as electron donors, partially restoring electron density in 

the Al–N bonds. Combined donor–acceptor interactions generate pronounced polarization, 

with carbonyl-containing systems exhibiting the strongest charge separation. SA-

functionalized systems generally show slightly higher polarization than BA analogues. 
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These Mulliken charge changes indicate a systematic evolution in bonding character. Pristine 

AlNNT, with minimal charge differences, exhibits predominantly covalent bonding. Moderate 

functionalization, such as single NH₂ substitution or single acid attachment, leads to polar 

covalent bonds .61 Larger charge transfers, observed in double substitutions or strong electron-

withdrawing groups, produce significant ionic contributions, reflecting a transition toward 

partially ionic bonding. This covalent → polar covalent → partially ionic progression generates 

localized dipoles and enhances the overall polar character of the nanotube. 

Such polarization has direct implications for solvation and dispersion. In a solvent, the induced 

dipoles orient surrounding molecules, enhancing interactions. Increased polarity improves 

water solubility and colloidal stability, which are critical for biomedical applications such as 

targeted drug delivery. 

3.4.2 Dipole Moment Evolution 

The bond dipole moment (µ) of the AlNNT systems was calculated using: 

𝜇 = 𝑞 × 𝑑 

where 𝑞 = 𝑒 × P.C. (partial charge), 𝑒 = 1.6 × 10−19 C is the elementary charge, P.C. is the 

Mulliken partial charge, and 𝑑 is the bond length. This approach quantifies axial charge 

asymmetry induced by functionalization. 

Consistent with the Mulliken analysis, pristine AlNNT shows a negligible dipole (~0.017 D), 

reflecting its symmetric, nonpolar nature, explained in our previous study. 35Functionalization 

with polar acids generates moderate dipoles (3–5 D) (Table 1), while the addition of electron-

donating NH₂ groups further enhances polarization via a donor–acceptor mechanism60. 

Carbonyl-functionalized systems exhibit the largest dipoles, exceeding 12 D in double 

substitution cases, in agreement with the strongest charge separations .61 

The evolution of dipole moments mirrors the changes in bond character and Mulliken charge 

redistribution: stronger donor–acceptor interactions and higher electron transfer yield larger 
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dipoles, which improve solvent orientation, solubility, and dispersion stability, key factors for 

biomedical applicability. 

3.4.3 Ionic Character Assessment 

The percentage ionic character (PIC) was estimated based on the calculated atomic partial 

charges obtained from Mulliken charge population analysis. 

The PIC was evaluated using 

𝑃𝐼𝐶 =
𝑃.𝐶

𝑒
× 100                                                                                                                    

  where P.C. represents the magnitude of the atomic partial charge and e is the elementary 

charge. The partial charges were derived from the charge population analysis of the optimized 

structures. This approach provides a quantitative measure of the degree of charge separation 

and the relative ionic contribution within the Al–N framework. 

The percentage ionic character provides a direct measure of the transition from purely covalent 

to increasingly ionic bonding within the Al–N framework. The pristine AlNNT exhibits an 

almost negligible ionic character (~0.12%), reflecting its highly covalent nature and symmetric 

electron distribution, explained in our previous study.41 Functionalization with polar acids 

significantly enhances the ionic contribution. Sorbic acid increases the ionic character to 

32.62%, whereas butyric acid yields a lower value of 19.37%, consistent with its aliphatic, non-

conjugated molecular structure and comparatively weaker electron-withdrawing effect. 

The introduction of additional polar groups further amplifies the ionic nature. NH₂ donor 

groups raise the ionic character to 56.18% for [AlNNT(SA)2(NH₂)] and 43.81% for 

[AlNNT(BA)2(NH₂)]. Carbonyl-functionalized systems exhibit the strongest ionic 

characteristics, with [AlNNT(SA)2(C=O)] reaching 90.50% and [AlNNT(BA)2(C=O)] 

77.12%. This trend clearly demonstrates that both the type and number of functional groups 
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directly modulate the ionic behavior of the nanotube, with electron-withdrawing groups such 

as COOH and C=O being particularly effective .62 

These observed changes in ionic character correlate closely with Mulliken charge redistribution 

and the evolution of the dipole moment. As electron transfer increases at the functionalization 

sites, the Al–N bonds shift from covalent toward polar covalent and partially ionic character. 

This enhanced bond polarity generates larger bond dipoles, which collectively sum to higher 

overall dipole moments along the nanotube axis. Consequently, the interplay between ionic 

character, charge redistribution, and dipole evolution directly influences solvation, dispersion 

stability, and interfacial interactions, critical factors for the design of AlNNT-based 

nanohybrids in targeted drug delivery applications. 

3.4.4 Electron Difference Density (EDD) Analysis 

Electron difference density (EDD) analysis provides a real-space visualization of the electron 

redistribution induced by functionalization.  Regions of electron accumulation are indicated in 

yellow, while regions of electron depletion are shown in Figure S4a-4c. In all functionalized 

systems, electron accumulation is primarily localized around electronegative acceptor groups, 

such as –COOH and –C=O, while the adjacent Al–N bonds exhibit corresponding electron 

depletion. This observation is consistent with Mulliken charge analysis, confirming directional 

charge transfer from the nanotube to the functional groups. Systems with dual substitutions 

show more extensive and intense accumulation–depletion patterns, reflecting stronger 

polarization fields along the nanotube axis. Nanohybrids containing both electron-donating (–

NH₂) and electron-withdrawing (C=O) groups exhibit a pronounced push–pull pattern, which 

not only increases the local bond dipoles but also explains the higher overall dipole moments 

and elevated ionic character observed in these systems .63 

Overall, the EDD maps provide direct visual evidence of the charge redistribution induced by 

functionalization, validating the trends observed in Mulliken charges, dipole moments, and 

Page 30 of 58Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

4/
20

26
 4

:3
5:

42
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5TB02632F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb02632f


ionic character. These results demonstrate that rational functionalization can effectively tune 

the polar nature of AlNNT, enhancing its potential for solvation, dispersion, and targeted 

interactions in drug delivery applications. 

 

Systems Partial Charge (e) 
Dipole Moment 

(D) 

Ionic Character 

(%) 

Solvation 

Energy 

(Kcal/mol) 

AlNNT (SA) 

 

Al-N = -0.522 

SA = 0.518 
4.628 32.62 -32.76 

AlNNT (BA) 

 

Al-N = -0.308 

BA = 0.310 
3.103 19.37 -24.05 

AlNNT (SA) 

(-NH2) 

Al-N = -0.712 

(SA) (NH2) = 0.711 
6.453 44.50 -33.57 

AlNNT (SA) 

2(-NH2) 

Al-N = -0.899 

(SA) 2(NH2) = 

0.897 

8.050 56.18 -33.69 

AlNNT (SA) 

(C=O) 

Al-N = -0.978 

 (SA) (C=O)0.983 
9.550 61.43 -34.84 

AlNNT (SA) 

2(C=O) 

Al-N = -1.448 

 (SA) 2(C=O) = 

1.444 

14.30 90.50 -35.42 

AlNNT (BA) 

(-NH2) 

Al-N = -0.509 

(BA)(NH2)=0.508 4.781 31.80 -24.82 

AlNNT (BA) 

2(-NH2) 

Al-N = -701 

(BA)2(NH2)= 0.698 6.460 43.81 -25.34 

AlNNT (BA) 

(C=O) 

Al-N = -0.769 

(BA)(C=O) =0.773 7.770 48.31 -25.13 

AlNNT (BA) 

2(C=O) 

 

Al-N = -1.234 

(BA)2(C=O) = 

1.233 

12.44 77.12 -26.01 

 

 

Table 1. Partial Charge (e), Dipole Moment (D), Ionic Character (%) and Solvation Energy 

(Kcal/mol) of SA- and BA-functionalized AlNNT systems. 
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3.4.5 Mechanistic Insight: Transition from Non-Polar to Polar Nanohybrids 

Collectively, the Mulliken charge profiles, dipole moment evolution, ionic character trends, 

and EDD maps demonstrate that functionalization transforms pristine AlNNT into a tunable 

polar nanostructure. The cooperative interplay of electron-withdrawing (–COOH, –C=O) and 

electron-donating (–NH₂) groups induces pronounced spatial charge separation, shifting the 

Al–N bonds from covalent toward partially ionic character and generating a directional charge 

gradient along the nanotube axis. This controlled electron redistribution leads to adjustable 

dipole moments, enhanced solvation, and improved dispersion stability, which are crucial for 

effective non-covalent interactions with biomolecules and therapeutic agents. Such precise 

modulation of polar character establishes a versatile framework for designing AlNNT-based 

nanohybrids for targeted drug delivery and other biomedical applications. 

3.5 Solvation Behavior and Carrier Solubility 

The solubility of AlNNT-based nanohybrids in aqueous media is a critical factor for their 

effectiveness as drug delivery carriers, influencing dispersion stability, bioavailability, and 

interaction with biomolecules. To quantify solvent stabilization, continuum solvation 

calculations were performed using the conductor-like screening model (COSMO). This 

approach allows us to simulate the interaction of the nanotube surface with a polar solvent 

environment .64 

The solvation energy was determined as the energy difference between the system in the 

aqueous phase and the gas phase, calculated as 

ESol = EWater− EGas, 

where EWater and  EGas, correspond to the total energies obtained from calculations performed 

in the implicit water environment and vacuum (gas phase), respectively. 

Pristine AlNNT exhibits relatively low solvation due to its nonpolar, symmetric surface, which 

limits favorable interactions with water. Functionalization with polar moieties, such as sorbic 
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acid (SA) or butyric acid (BA), substantially enhances solvent stabilization. The incorporation 

of electron-donating (–NH₂) and electron-withdrawing (–C=O) groups further increases 

solvation by generating localized dipoles that align with solvent molecules and strengthen 

intermolecular interactions. The highest solvation is observed for the [AlNNT(SA)2(C=O)] 

system, highlighting the synergistic effect of multiple polar groups along the nanotube axis. 

Enhanced solubility has direct implications for drug delivery. Improved solvent interactions 

prevent nanotube aggregation under physiological conditions, ensuring uniform dispersion and 

maximizing the surface area available for drug adsorption. Polar surfaces also facilitate non-

covalent interactions, including hydrogen bonding, dipole–dipole interactions, and electrostatic 

attractions, with therapeutic molecules, thereby increasing drug loading efficiency and 

stability.65 Collectively, these features improve bioavailability, reduce off-target aggregation, 

and support controlled and efficient drug release, underscoring the importance of rational 

functionalization in designing AlNNT-based nanocarriers for targeted therapeutic applications. 

3.6 Adsorption and Encapsulation of 5-FU on [AlNNT (SA)2(C=O)] 

The [ AlNNT (SA)2(C=O)] nanohybrid exhibited the highest aqueous solubility among the 

studied systems, identifying it as a promising candidate for drug delivery applications. To 

investigate its drug-loading capability, both surface-adsorbed (A) and encapsulated (E) 

configurations of the anticancer drug 5-fluorouracil (5-FU) were modeled. These 

configurations allow evaluation of distinct interaction modes, including non-covalent surface 

adsorption and internal encapsulation, which are critical for optimizing loading efficiency, 

structural stability, and controlled release. Drug molecules were positioned at multiple sites 

interacting with Al and N atoms of the nanotube, with functional atoms (F, O, and H) in 5-FU 

facilitating adsorption and encapsulation (Fig.7a-7d). 
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3.6.1 Adsorption Energy 

For surface-adsorbed systems, adsorption energies (Table 2) ranged from –0.341 eV to –

0.819 eV. The Al–F_A configuration exhibited the strongest adsorption (–0.819 eV), followed 

by Al–H_A (–0.756 eV) and N–H_A (–0.577 eV). Weaker adsorption was observed for Al–

O_A (–0.361 eV) and N–O_A (–0.341 eV), reflecting less favorable non-covalent interactions. 

These results confirm the exothermic nature of physisorption, predominantly governed by van 

der Waals forces and weak polar contacts, making surface adsorption suitable for rapid drug 

loading and potential burst release .66 

Encapsulated systems displayed substantially stronger adsorption, with energies ranging from 

–3.006 eV to –3.842 eV. The Al–F_E complex exhibited the most negative adsorption energy 

(–3.842 eV), followed by Al–H_E (–3.691 eV), N–F_E (–3.357 eV), and N–H_E (–3.346 eV). 

The enhanced adsorption strength arises from spatial confinement within the nanotube cavity, 

increased molecular surface contact, and interactions with internal polar groups, including 

hydrogen bonding and electrostatic stabilization.67 These factors collectively reinforce the 

structural integrity of the encapsulated drug, supporting sustained release and prolonged 

therapeutic performance. Overall, Al–F_A  (surface adsorption) and Al–F_E (encapsulation) 

emerged as the most favorable configurations, highlighting their potential for rapid and 

sustained delivery. 
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(iii) 

Fig 7a. Adsorption of 5-fluorouracil (5-FU) at the Al site of [AlNNT(SA)2(C=O)] via F, H, 

and O atom orientations. 

(i) 
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(ii) 

(iii) 

Fig 7b. Adsorption of 5-fluorouracil (5-FU) at the N site of [AlNNT(SA)2(C=O)] via F, H, 

and O atom orientations. 
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(iii) 

Fig 7c. Encapsulation of 5-fluorouracil (5-FU) at the Al site of [AlNNT(SA)2(C=O)] via F, 

H, and O atom orientations. 

(i) 
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(ii) 

(iii) 

Fig 7d. Encapsulation of 5-fluorouracil (5-FU) at the N site of [AlNNT (SA)2(C=O)] via F, 

H, and O atom orientations. 
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3.6.2 Mulliken Population Analysis 

To complement energetic insights, Mulliken population analysis was performed to quantify 

charge transfer between 5-FU and the functionalized AlNNTs, providing insight into donor–

acceptor coupling, orbital hybridization, and electrostatic interactions. 

In surface-adsorbed systems, charge transfer was modest (~0.15 e to 0.39 e), consistent with 

physisorption-dominated interactions. Al–F_A exhibited the highest charge redistribution (|ΔQ| 

≈ 0.388 e), followed by Al–H_A (0.380 e), whereas N–F_A, N–H_A, Al–O_A, and N–O_A 

displayed lower values. The pronounced charge transfer in Al–F_A arises from direct 

interaction between the electronegative fluorine atom of 5-FU and the Lewis-acidic aluminum 

site of the nanotube, allowing partial delocalization of lone pair electrons from fluorine to Al. 

In contrast, Al–O_A and N–O_A, interacting via oxygen, exhibited lower charge transfer 

(~0.260 e and 0.214 e, respectively), indicating weaker electronic coupling. These results 

highlight Al–F_A as the most electronically favorable surface-adsorbed system, suitable for 

rapid or burst-mode drug release. 

Encapsulated systems displayed significantly higher charge transfer, typically exceeding 1.1 e, 

due to enhanced molecular contact and stronger electrostatic and hydrogen-bonding 

interactions within the nanotube cavity. Al–F_E exhibited the highest charge redistribution, 

followed by Al–H_E and N–H_E, confirming its electronic stability and kinetic robustness. 

These findings demonstrate that encapsulation promotes stronger host–guest electronic 

coupling, supporting sustained drug retention and controlled release .68 

Table 2. Binding energy, Mulliken charge transfer, and final nanotube diameter of 5-FU adsorbed 

(A) and encapsulated (E) on [AlNNT (SA)2(C=O)]. 
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Site System 
Binding Energy 

(eV) 
Partial Charge (e) 

Al 

Al–F_A -0.819 Carrier = -0.196, Drug = 0.192 

Al–O_A -0.361 Carrier = -0.128, Drug = 0.132 

Al–H_A -0.756 Carrier = -0.188, Drug = 0.192 

N 

N–F_A -0.542 Carrier = -0.076, Drug =0.078 

N–O_A -0.341 Carrier = -0.105, Drug = 0.109 

N–H_A -0.577          Carrier = -0.076, Drug =0.078 

Site System 
Binding 

Energy (eV) 
Partial Charge (e) Final Diameter (Å) 

Al 

Al–F_E -3.842 
Carrier = -0.655 

Drug = 0.656 
7.70 

Al–O_E -3.006 
Carrier = -0.571 

Drug = 0.573 
7.96 

Al–H_E -3.691 
Carrier = -0.602 

Drug = 0.606 
8.06 

N 

N–F_E -3.357 
Carrier = -0.616 

Drug = 0.618 
7.70 

N–O_E -3.346 
Carrier = -0.589 

Drug = 0.589 
8.44 

N–H_E -3.346 
Carrier = -0.648 

Drug =0.648 
7.85 
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3.6.3 Structural Deformation  

The mechanical response of the nanotube upon drug loading was evaluated by monitoring 

diameter changes before and after interaction with 5-FU. Pristine functionalized AlNNTs had 

a uniform diameter of 8.51 Å. Surface-adsorbed systems exhibited negligible changes, 

confirming that adsorption occurs via weak physisorption without imposing structural strain. 

This structural preservation is advantageous for rapid-release delivery, where mechanical 

integrity and reversibility are critical. 

Encapsulated systems showed pronounced contraction, with diameters ranging from 8.44 Å to 

7.70 Å. Al–F_E and N–F_E displayed the most significant shrinkage (~9.5%), reflecting strong 

steric and electrostatic confinement within the nanotube cavity. Intermediate reductions were 

observed in Al–H_E (8.06 Å), N–H_E (7.85 Å), and Al–O_E (7.96 Å), indicating effective 

encapsulation with slightly reduced molecular tension. These structural changes correlate with 

adsorption energies and Mulliken charge transfer, demonstrating that stronger electronic 

interactions are often accompanied by greater radial deformation .69 

Collectively, these analyses highlight the contrasting behaviors of surface adsorption and 

encapsulation. A-series systems maintain geometric integrity, making them ideal for rapid or 

reversible delivery, with Al–F_A emerging as the most favourable surface-adsorbed 

configuration. In contrast, E-series systems exhibit significant confinement and structural 

adaptation, consistent with sustained or stimuli-responsive drug release, with Al–F_E 

representing the most structurally and electronically favorable encapsulated nanocarrier among 

the studied configurations. 

3.7 Molecular Dynamics Simulations 

To investigate the dynamic behavior and thermal stability of the drug–nanocarrier complexes 

under physiologically relevant conditions, Molecular Dynamics (MD) simulations were 

performed using the NPT ensemble as implemented in QuantumATK. The simulations were 
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carried out for the two most stable configurations identified from prior DFT analyses, namely 

the surface-adsorbed (Al–F_A) and encapsulated (Al–F_E) systems (Fig.8). Temperature 

regulation was achieved using the Berendsen thermostat with a target temperature of 300 K 

and a thermostat relaxation time of 10 ps, ensuring controlled thermal equilibration. Pressure 

was maintained at 1 bar using the Berendsen barostat, with a relaxation time of 1000 fs and a 

compressibility of 0.0001 bar⁻¹. Pressure coupling was applied isotropically along the diagonal 

components (xx, yy, zz).A time step of 1 fs was employed, and each system was propagated 

for 10,000 MD steps, corresponding to a total simulation duration of 10 ps. Initial atomic 

velocities were assigned according to the Maxwell–Boltzmann distribution at 300 K. To 

eliminate artificial translational motion, the center-of-mass momentum was removed at the 

beginning of the simulation.These simulation conditions ensured stable thermodynamic control 

and enabled reliable evaluation of structural fluctuations, equilibration characteristics, and 

energetic stability of the drug–nanocarrier complexes.67 

The total and potential energy trajectories confirmed that both surface-adsorbed and 

encapsulated systems reached thermodynamic equilibrium and remained dynamically stable 

throughout the simulation period. Energy profiles remained effectively constant, with no 

evidence of desorption, abrupt fluctuations, or drift, indicating that both drug–nanocarrier 

assemblies are thermomechanically robust under physiological thermal conditions and that the 

nanotube framework preserves structural integrity while retaining the drug molecule. 

For the surface-adsorbed Al–F_A   system, the potential energy fluctuated narrowly around –

1033 eV, reflecting limited atomic rearrangement and a rigid interface. This behavior is 

consistent with non-covalent physisorption dominated by van der Waals and dipole–dipole 

interactions. The constrained conformational dynamics of 5-FU suggest a readily releasable 

state, confirming the suitability of this configuration for burst-release or short-term therapeutic 

delivery.In contrast, the encapsulated Al–F_E system exhibited a deeper potential energy well, 
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stabilizing near –1038 eV. Initial fluctuations during the first 2 ps corresponded to early-stage 

relaxation of 5-FU within the nanotube cavity, followed by a steady potential energy profile 

indicative of strong molecular confinement and effective host–guest interactions.70 These 

dynamic behaviors are consistent with prior DFT-derived descriptors, including more negative 

adsorption and binding energies, significant Mulliken charge transfer, and structural adaptation, 

supporting the potential of Al–F_E for sustained-release, long-circulating, or stimuli-

responsive drug delivery. 

Overall, the MD simulations reinforce the complementary suitability of the two systems for 

distinct therapeutic strategies: Al–F_A (surface adsorption) for rapid, surface-mediated drug 

release and Al–F_E (encapsulation) for encapsulation-driven, long-term delivery. Both 

configurations demonstrate dynamic and thermomechanical robustness under biologically 

relevant conditions, highlighting their potential as reliable and adaptable nanocarriers. 

 

 

 

MD for Drug interaction (side) MD for Drug interaction (Centre)

Fig.8 MD Simulations for (i) Drug Adsorption and (ii) Drug Encapsulation 

(i) (ii) 
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3.8 Activation Energy Barrier for 5-FU Desorption from Functionalized AlNNT 

The desorption kinetics of 5-fluorouracil (5-FU) from [AlNNT(SA)2(C=O)] were investigated 

using the Nudged Elastic Band (NEB) method to determine the minimum energy pathways 

(MEPs) and corresponding activation energy barriers (Eₐ) between bound and unbound states. 

Two representative configurations were analyzed: (i) encapsulated 5-FU within the nanotube 

channel (Al–F_E ) and (ii) surface-adsorbed 5-FU on the nanotube sidewall (Al–F_A ) (Fig.9). 

This approach provides a quantitative understanding of the thermally accessible release 

pathways and the kinetics governing drug detachment under physiologically relevant 

conditions. 

For the encapsulated system, nine intermediate images revealed an energy profile featuring 

multiple local minima separated by moderate energy barriers. The maximum activation energy 

along the pathway was calculated to be 0.187 eV. These metastable states arise from transient 

van der Waals interactions and hydrogen bonding with the functionalized inner wall, reflecting 

a stepwise desorption mechanism that stabilizes the drug within the nanotube cavity.71 In 

contrast, the surface-adsorbed pathway, modeled with eight intermediate images, displayed a 

smoother energy profile with a single barrier of 0.165 eV, indicating a kinetically simpler 

detachment process consistent with non-covalent physisorption. 

All NEB calculations were converged to a force tolerance of 0.05 eV Å⁻¹ for both standard and 

climbing images, using up to 2000 optimization steps to accurately resolve saddle points along 

the pathways. The barrier heights (~0.16–0.19 eV) are several times higher than thermal energy 

at 300 K (kT ≈ 0.026 eV), suggesting that drug release can occur under physiological conditions 

while encapsulation provides stronger retention than surface adsorption .72 These results align 

with previous DFT-derived descriptors, including more negative adsorption energies, 

substantial Mulliken charge transfer, and observed structural adaptation, collectively 
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demonstrating that encapsulated 5-FU experiences tighter molecular confinement and stronger 

host–guest interactions. 

Overall, the NEB analysis confirms that [AlNNT(SA)2(C=O)] with 5-FU achieves an optimal 

balance between drug stabilization and controlled release kinetics. Surface adsorption (Al–

F_A) allows facile, rapid release suitable for burst delivery, whereas encapsulation (Al–F_E ) 

ensures prolonged retention, sustained release, and stimuli-responsive behavior. These findings 

further validate the potential of functionalized AlNNTs as robust, tunable, one-dimensional 

nanocarriers for targeted chemotherapeutic delivery. 

 

 

 

4. Conclusion 

This study demonstrates that dual-side chemical functionalization provides an effective 

strategy for tailoring the drug-delivery behaviour of aluminum nitride nanotubes. The 

introduction of sorbic acid, butyric acid, amine, and carbonyl groups creates a controlled 

surface environment that regulates the interaction of 5-fluorouracil with the nanotube surface, 

leading to predictable retention and release characteristics. These results highlight that the 

Fig.9 NEB energy profiles for (i) Drug Adsorption and (ii) Drug Encapsulation systems 

(ii) (i) 
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therapeutic performance of one-dimensional nanomaterials can be directed through rational 

surface-chemistry design rather than structural modification alone. The broader significance of 

this work lies in establishing clear relationships between functional-group chemistry, interfacial 

polarity, and drug-binding behaviour. Such insights are highly relevant for improving the 

precision, stability, and safety of chemotherapeutic delivery platforms. The demonstrated 

ability to modulate molecular affinity using simple and biocompatible modifications positions 

functionalized AlNNTs as a promising basis for designing adaptable and high-performance 

nanocarriers for targeted cancer therapy. Future work will focus on extending this chemical-

design framework to multi-drug loading systems and evaluating how pH-dependent 

interactions influence retention and release behaviour. These computational directions will 

support the development of versatile AlNNT-based platforms capable of meeting the evolving 

needs of precision anticancer treatment. 
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DATA AVAILABILITY

Data will be made available by the corresponding author upon reasonable request.
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