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Cycloparaphenylenes (CPP) and their heteroatom-doped derivatives are emerging as interesting
nanocarriers due to their adjustable electronic structures and m-conjugated frameworks. This study used
density functional theory (DFT) to examine the structural, electrical, and adsorption characteristics of
virgin CPP, nitrogen-doped CPP (N-CPP), and oxygen-doped CPP (O-CPP) in relation to two anticancer
agents, hydroxyurea (HU) and thioguanine (TG). Geometry optimization verified the inherent stability of
all carriers, whereas doping induced localized distortions that increased reactivity. Electronic tests
indicated a consistent decrease in the energy gap after medication adsorption. HU functioned as a weak
electron donor, resulting in little gap narrowing, whereas TG operated as a robust electron acceptor,
band-gap quenching-particularly in TG@O-CPP, where the gap practically
disappeared, resulting in metallic-like behavior. Adsorption energies (—0.10 to —1.13 eV) and recovery

causing substantial

periods revealed divergent kinetics: HU complexes desorbed almost quickly, while TG demonstrated
more robust binding and extended residence lengths, especially on O-CPP. Charge-transfer research
validated the contrasting donor—acceptor functions of HU and TG, supported by global reactivity indices
indicating heightened electrophilicity and reduced hardness upon TG adsorption. The findings identify
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transfer, notable band-gap reduction, and adjustable electrical responsiveness. These results provide
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1. Introduction

The World Health Organization reports that cancer continues to
be one of the most prevalent causes of mortality worldwide,
with nearly 10 million fatalities observed in 2025." Genetic
mutations, complex signalling dysregulations, and uncon-
trolled cellular proliferation are the causes of the disease, which
results in tumor growth and metastasis.”> Cancer continues to
present substantial public health challenges as a result of its
heterogeneity, tendency to develop drug resistance, and severe
adverse effects associated with conventional chemotherapeu-
tics, despite the extraordinary progress made in early detection
and targeted therapies.* Additionally, chemotherapy and
radiotherapy are frequently prescribed without regard to selec-
tivity, which leads to systemic toxicity and diminished patient
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significant insights for the systematic design of CPP-based nanostructures in biosensing applications that
need rapid reaction and in drug-delivery systems that require controlled release.

quality of life.* The imperative requirement for innovative
strategies that can enhance therapeutic outcomes while mini-
mizing adverse effects is underscored by these limitations.

Conventional anticancer therapies, while somewhat effec-
tive, often exhibit inadequate absorption, fast elimination, and
insufficient tumor selectivity.® These disadvantages often result
in systemic toxicity, multidrug resistance, and inadequate
treatment results.® Nanomaterials have emerged as viable
solutions to address these restrictions, owing to their distinctive
physicochemical features, such as a high surface-to-volume
ratio, adjustable size, and surface functionalization potential.”
These characteristics enable nanocarriers to encapsulate
hydrophobic or unstable pharmaceuticals, safeguard them
from premature degradation, and promote regulated and pro-
longed release.® Nanoscale carriers may use the increased
permeability and retention (EPR) effect in tumor tissues,
resulting in preferential accumulation at the tumor location
while preserving healthy tissues. These benefits render nano-
materials essential in the development of next-generation
cancer treatments.

Cycloparaphenylenes (CPPs), also referred to as carbon
nanohoops, have recently been identified as prospective host

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


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra09445c&domain=pdf&date_stamp=2026-03-08
http://orcid.org/0000-0003-2406-0836
http://orcid.org/0000-0001-8560-2630
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09445c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016015

Open Access Article. Published on 10 March 2026. Downloaded on 4/23/2026 8:20:34 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

materials for molecular encapsulation. This is a result of their
well-defined internal cavities and cyclic w-conjugated
frameworks.>™ In contrast to extended carbon nanostructures
like graphene and carbon nanotubes, CPPs have atomically
precise and monodisperse architectures that allow for predict-
able host-guest interactions and tunable electronic
properties.***

Structural uniformity, controllable cavity size, and improved
electronic responsiveness are among the numerous benefits
that CPPs provide in comparison to traditional nanocarriers.
Carbon nanotubes may suffer from aggregation and toxicity
concerns, while graphene-based systems frequently experience
structural heterogeneity. Soft carriers, including liposomes and
polymeric nanoparticles, generally lack electronic tunability.****
Nevertheless, CPP-based drug delivery systems are still in the
early stages of development, facing obstacles such as the
complexity of synthesis and the paucity of biological validation.
Consequently, theoretical investigations are essential for com-
prehending adsorption mechanisms and directing rational
design strategies, particularly through heteroatom doping to
regulate electronic reactivity and drug-carrier interactions.

Hydroxyurea (HU) and thioguanine (TG) are the most widely
recognized therapeutic agents for cancer treatment due to their
demonstrated clinical efficacy. HU is an antineoplastic agent
that has been approved for the treatment of chronic myeloid
leukemia, sickle cell anemia, and some myeloproliferative
disorders."* It predominantly achieves its pharmacological
effect by inhibiting ribonucleotide reductase, which in turn
reduces DNA synthesis and suppresses the uncontrolled
proliferation of malignant cells.”> While HU offers therapeutic
advantages, its effectiveness is restricted by its non-specific
distribution, brief plasma half-life, and dose-dependent cyto-
toxicity." In contrast, TG is a purine analogue that is frequently
used as an antimetabolite in the management of acute myeloid
leukemia and other malignancies.”” Ultimately, the drug
induces apoptosis in quickly dividing tumor cells by causing
cytotoxicity and disrupting nucleotide metabolism through its
incorporation into DNA and RNA.'®* However, the therapeutic
window of TG is limited by its low solubility, systemic toxicity,
and rapid enzymatic degradation.” By incorporating HU and
TG into nanocarrier systems, a promising approach is pre-
sented to improve tumor selectivity, prolong systemic circula-
tion, and increase bioavailability, all while minimizing off-
target toxicity.

In the last twenty years, the use of nanocarrier systems for
drug administration has markedly increased, resulting in
several advancements in cancer treatment. Initial research
indicated that polymeric nanoparticles, liposomes, and den-
drimers might augment the solubility and circulation duration
of anticancer agents, hence improving treatment effectiveness
relative to unencapsulated medicines.*® Liposomal doxorubicin
serves as a seminal instance of an FDA-approved nanomedicine,
demonstrating decreased cardiotoxicity and enhanced phar-
macokinetics compared to traditional doxorubicin.*** Recent
advancements have unveiled innovative carbon-based nano-
structures, including graphene derivatives, and carbon nano-
tubes, which display distinctive m-conjugated topologies with
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promise for host-guest interactions and targeted delivery.®
Functional changes, such as nitrogen- and oxygen-doping, have
augmented the flexibility of CPPs, allowing better electrical
characteristics, increased solubility, and selective interactions
with medicinal compounds.”® Concurrent advancements in
stimulus-responsive nanocarriers, which may release medica-
tions in reaction to pH, temperature, or enzymatic stimuli, have
emerged as effective solutions for precise and regulated
administration.®***®

This work aims to construct and assess functionalized
cycloparaphenylenes (CPPs), including nitrogen- and oxygen-
doped variants, as nanocarrier systems for anticancer drug
delivery. This study seeks to assess the potential of CPP-based
frameworks to encapsulate and transport therapeutic
compounds by examining their host-guest interactions, elec-
trical characteristics, and structural changes, with a focus on
enhancing stability, solubility, and tumor selectivity. The
study aims to establish structure-property relationships gov-
erning drug-carrier binding through computational and
theoretical analysis, thereby offering a rational foundation for
the advancement of next-generation nanomedicine platforms
that can address the limitations of conventional
chemotherapy.

2. Computational details

First-principles calculations were implemented in this investi-
gation to analyse the electronic properties and adsorption
behavior of the systems under consideration. Utilizing the
QuantumATK software package,”® the Linear Combination of
Atomic Orbitals (LCAO) method was employed to conduct
structural optimization, energy calculations, and physico-
chemical characteristics. Molecular interactions were accurately
modeled, and electronic properties were predicted with reli-
ability through this method.

The Perdew-Burke-Ernzerhof (PBE) functional was imple-
mented within the Generalized Gradient Approximation (GGA)
to specify the exchange—correlation potential. Grimme's DFT-
D3 correction scheme was implemented due to the critical
function of van der Waals forces in adsorption processes.”
Additionally, the application of PseudoDojo norm-conserving
pseudopotentials in conjunction with GGA?® guaranteed high
accuracy while maintaining computational efficiency. The
molecular dynamics protocols were also incorporated into the
simulations to assess the thermodynamic stability of the opti-
mized structures and to account for relaxation effects.

The pristine cycloparaphenylene (CPP) structure was
selected as the reference system for the assessment of the
impact of heteroatom contamination on drug-carrier interac-
tions. Nitrogen- and oxygen-doped CPP models were generated
through a substitutional methodology, which involved the
substitution of one carbon atom in the CPP backbone with
a nitrogen or oxygen atom, respectively. This substitution was
implemented directly within the m-conjugated ring framework,
while simultaneously maintaining the overall nanohoop archi-
tecture. All structures were completely optimized without
symmetry constraints following the doping procedure to
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facilitate complete structural relaxation and electronic redis-
tribution. Doping was exclusively restricted to backbone
substitution; no atoms were introduced into the internal cavity
of CPP. With the use of pristine CPP as an internal reference
system, this comparative framework facilitates a consistent
theoretical evaluation of doping-induced effects.

Through established relationships, electronic parameters
were determined. The energy gap (E;) and Fermi level (Eg; ) were
determined by analyzing the lowest unoccupied molecular
orbital (Er) and the highest occupied molecular orbital (Ey).>

Eg = EL - EH (1)
Ey + E
EFL == % (2)

The total energy difference was employed to calculate the
adsorption energy (E.qs), a critical stability descriptor:*
Ez\ds = - (Esubstratc + Eamicanccr drug) (3)

complex structure

Koopmans' theorem-based equations were employed to
derive global reactivity descriptors, including electronegativity
(x), chemical potential (1), hardness (), and softness (S). These
descriptors are as follows:*

IP = —Ey (4)

EA = —E; (5)
EL - EH

== (6)

S= 5 )
EL + EH

== (8)

12
w= 2 )

The work function (@), which denotes the minimum energy
necessary for an electron to escape from the surface and enter
the vacuum, was also calculated:**

D = Vey+o) — EFL (10)
(where Voo
surface).

= 0 is the reference point that is far from the

¢b7¢a><

b

Ap(%) = 100 (11)
where the initial and final work functions, ¢, and @, are
denoted before and after the drug molecules are adsorbed onto
the substrates, respectively.

Finally, transition state theory was employed to estimate the
recovery time (7), which is indicative of the desorption rate of
adsorbed molecules:**
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The attempt frequency is denoted by »,, Boltzmann's constant
is denoted by kg, and the absolute temperature is denoted by 7.

The efficiency and reversibility of adsorption processes are
directly correlated with this parameter, which is critically
important in assessing the dynamic response of nanomaterials
in drug delivery applications. Together, this computational
protocol offers a dependable framework for comprehending
adsorption phenomena, electronic modifications, and reactivity
trends, thereby facilitating the rational design of nanocarriers
for biomedical applications.

3. Result and discussion
3.1 Optimization structural

Fig. 1 displays the entirely optimized geometries of the pristine
and doped cycloparaphenylenes (CPP, N-CPP, and O-CPP), as
well as the anticancer medications hydroxyurea (HU) and thio-
guanine (TG). All carrier frameworks maintained their distinc-
tive nanohoop symmetry during relaxation, which serves as
confirmation of the CPP backbone's inherent thermodynamic
stability. Substitution with nitrogen or oxygen atoms resulted in
only localized perturbations of the m-conjugated ring. These
distortions are anticipated to redistribute the electronic density
and establish new active sites for adsorption. Concurrently,
these subtle modifications emphasize the structural robustness
of CPP and endow it with tunable host-guest properties.

Fig. 2 illustrates the optimized adsorption complexes. The
HU and TG molecules formed stable physisorbed states by
preferentially aligning near the dopant atoms or along the
interior cavity of the nanohoop. The two pharmaceuticals
exhibit significant differences when the shortest heavy-atom
contacts are meticulously examined. HU exhibited moderate
non-covalent stabilization, as evidenced by its adsorption

\\"‘\'\\(PP b \”‘\ \ ‘-\‘ N-CPP “
TTY [T
2002 C‘“}\

L

Fig. 1 Optimized geometries of the CPP, N-CPP, and O-CPP
substrates, and HU and TG drugs.
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Fig. 2 Optimized geometries of the HU and TG drugs with CPP and
doped derivatives.

Table 1 The shortest drug-carrier contact distances (A) for optimized
complexes, and charge transfer (Aq)

Structure Shortest contact (A) Second contact (A) Aq (e)

HU@CPP 2.23 2.49 —-0.177
HU@N-CPP 2.16 2.72 —0.109
HU@O-CPP 2.06 2.44 —0.154
TG@CPP 2.26 2.32 0.092
TG@N-CPP 1.92 2.63 0.141
TG@O-CPP 1.96 2.15 0.111

distances of 2.23-2.72 A. On the other hand, TG exhibited the
closest interactions with the carrier surface in the doped
systems, with distances ranging from 1.92 to 2.63 A. Specifically,
TG@N-CPP and TG@O-CPP exhibited distances of approxi-
mately 1.9 to 2.0 A. Table 1 summarizes the shortest heavy-atom
contacts between the pharmaceuticals and the carrier frame-
works, as extracted from the optimized geometries in Fig. 2.
These values (1.9-2.7 A) are within the typical physisorption
regime and confirm the stronger stabilization of TG in
comparison to HU, particularly in the doped systems.

View Article Online

RSC Advances

Intriguingly, the local polarity of the framework was
heightened by oxygen doping, resulting in shortened drug-
carrier contacts for both HU and TG (approximately 2.0-2.4
A). Conversely, nitrogen doping facilitated directional interac-
tions that enhanced TG binding. The systematic reduction in
intermolecular separation that occurs as a result of doping is
directly correlated with the adsorption-energy hierarchy, which
is summarized in Table 2. Doped systems exhibit a stronger
binding than pristine CPP. Additionally, TG's extended resi-
dence time on the carrier surface and greater stabilization
energy are structurally justified by its closer approach to HU.

In general, the structural optimization highlights the
geometric adaptability of CPP-based frameworks and their
ability to accommodate anticancer medications at separations
that are conducive to efficient adsorption-desorption dynamics.
A coherent structure-property relationship is established by the
correlation between interatomic distances, adsorption energies,
and dopant identity, which underpins the enhanced affinities of
the N- and O-doped carriers. In the subsequent electronic
analysis, the doping-induced modifications in band structure
and density of states are thoroughly examined, based on these
insights.

3.2 The electronic properties

The electronic behavior of the pristine and drug-loaded CPP
frameworks was analyzed using the density of states (DOS) and
band structures (Fig. 3-5), in conjunction with the frontier
orbital energies summarized in Table 2.

Pristine CPP exhibited a well-defined semiconducting
nature, with the HOMO and LUMO located at —6.87 eV and
—3.82 eV, respectively, resulting in a band gap of 3.05 eV. The
electronic configuration was only minimally perturbed by
nitrogen doping, which resulted in a gap of 2.97 eV. Conversely,
oxygen doping caused a more substantial reduction to 1.89 eV.
The introduction of localized dopant states is responsible for
the narrowing observed during doping, which enhances reac-
tivity and compresses the frontier orbitals.

The DOS profiles exhibited modest perturbations upon HU
adsorption, with HU@CPP and HU@N-CPP maintaining gaps
that were close to the pristine frameworks (2.94 and 2.89 eV,
respectively). This suggests that HU primarily interacts through
mild physisorption, which is consistent with its larger drug-
carrier distances. In contrast, the gap in HU@O-CPP was

Table 2 The values of the (Ey), Fermi level energy (Ef ), work function (@), Eiomo. ELumo. and energy gap (Eg) for the structures in (eV) unit

Structure Er Epy, [0 AD (%) Ey Ey, Eg, AE(%)
CPP —6048.426 —5.342 5.342 — —6.865 —3.819 3.045 —

N-CPP —6930.504 —6.851 6.851 28.29 —8.377 —5.409 2.968 —2.53
O-CPP —8389.816 —5.870 5.870 9.89 —5.893 —4.005 1.888 —38.00
HU@CPP —7682.943 —5.223 5.223 —2.23 —6.697 —3.756 2.941 —3.41
HU@N-CPP —8564.448 —6.689 6.689 25.21 —8.163 —5.277 2.886 —5.23
HU@O-CPP —10024.475 —5.780 5.780 8.20 —5.793 —5.771 0.022 —99.28
TG@CPP —8631.440 —5.381 5.381 0.73 —6.702 —4.042 2.660 —12.64
TG@N-CPP —9512.909 —6.168 6.168 15.47 —6.693 —5.618 1.074 —64.72
TG@O-CPP —10972.705 —6.184 6.184 15.77 —6.178 —6.171 0.006 —99.80

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 DOS and band structures of CPP before and after HU and TG
molecules adsorption.

nearly completely collapsed to 0.02 eV, indicating a significant
orbital overlap between the HU frontier levels and the O-CPP
host.

The electronic structure was even more significantly
impacted by TG adsorption. The gap was moderately reduced to
2.66 eV by TG@CPP, while it was further reduced to 1.07 eV by
TG@N-CPP. A remarkable feature of TG@O-CPP was its nearly
nonexistent band gap (0.006 eV), which effectively shifted the
system toward metallic behavior. The band-structure diagrams
plainly demonstrate these trends, as the conduction and
valence bands converge near the Fermi level as a result of drug
adsorption on doped systems.

The band-gap variations for pristine and drug-loaded CPP
frameworks are compared in (Fig. 6). The gaps in pristine CPP
and N-CPP were relatively large (approximately 3.0 eV), and the
values were only barely perturbed by HU adsorption, indicating
a feeble interaction with the host. Conversely, TG resulted in
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Fig.4 DOS and band structures of N-CPP before and after HU and TG
molecules adsorption.
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Fig.5 DOS and band structures of N-CPP before and after HU and TG
molecules adsorption.
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a more substantial reduction, particularly in N-CPP, where the
distance decreased to approximately 1.1 eV. The most remark-
able effect was observed in O-CPP, where the gap was nearly
completely suppressed by both HU and TG adsorption, result-
ing in near-zero values. These findings confirm the DOS and
band-structure analyses (Fig. 3-5) and underscore the critical
function of oxygen supplementation in enhancing the elec-
tronic response to drug binding.

In general, the combined DOS, band-structure, and HOMO-
LUMO analyses indicate that pristine CPP maintains semi-
conducting characteristics upon drug loading, whereas modi-
fied frameworks, particularly O-CPP, undergo significant gap
suppression. The potential of doped CPPs as tunable nano-
carriers capable of responding sensitively to drug binding is
underscored by this behavior, which also emphasizes the role of
heteroatom doping in modulating the electronic response.

I Before [ -+HU I +TG

35+

Band gap (eV)

°
1

Fd
n
1

0.022_ 0.006
O-CpP

e
=
I

CppP

N-CPP
Strutures

Fig. 6 Band gap modulation in CPP, N-CPP, and O-CPP before and

after drug adsorption.
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Table 3 The adsorption energy (Eags). BSSE, and the recovery time for all complex structures

Structure Eaas (s) BSSE (eV) Eads+coor (€V) T300 x (S) T310 x (S)

With BSSE

HU@CPP —0.801 +0.812 +0.010 ~1.0 x 10 P s ~1.0 x 10 P s
HU@N-CPP —0.100 +0.710 +0.609 ~1.0 x 1072 g ~1.0 x 1075
HU®@O-CPP —0.778 +0.746 —0.033 3.6 x10 Ps 34x10 B
TG@CPP —1.127 +0.581 —0.547 1.6 x 10 *s 7.8x10°s
TG@N-CPP —0.650 +0.448 —0.202 2.5x 107 %s 1.9x 107 s
TG@O-CPP —1.126 +0.456 —0.671 1.9 x 107 %s 8.1x10°s
Without BSSE

HU@CPP —0.801 — —0.801 2.86 s 1.05 s
HU@N-CPP —0.100 — —0.100 4.8 x 10?5 4.2 x 107 g
HU@O-CPP —0.778 — —0.778 117 s 0.45 s
TG@CPP —1.127 — —1.127 8.6 X 10° s 2.1 x10°s
TG@N-CPP —0.650 - —0.650 83x10°s 3.7x10%s
TG@O-CPP —1.126 — —1.126 8.2 x 10° s 2.0 X 10° s

3.3 Recovery dynamics, charge transfer, and adsorption
energetics

The comprehensive comprehension of drug-carrier interactions
in CPP-based nanostructures is facilitated by the interplay
between adsorption energetics, charge redistribution, and
recovery dynamics (Tables 1 and 3). The adsorption energies,
which are consistent with physisorption rather than covalent
bonding, range from —0.10 to —1.13 eV in the absence of BSSE
correction. The binding of HU complexes is comparatively
feeble (—0.10 to —0.80 eV), whereas TG binds more firmly,
particularly on O-CPP (—1.13 eV). HU@CPP and HU@N-CPP
exhibit essentially non-binding behavior, HU@O-CPP exhibits
only marginal stability, and TG complexes retain moderate
stabilization (—0.20 to —0.67 eV) following BSSE correction.
Adsorption intensities diminish significantly. As previously
emphasized for drug-nanocarbon systems,** the significance of
employing BSSE to prevent overestimation of interaction
strength is underscored by these corrected values.

The charge-transfer analysis demonstrates a clear distinction
between HU and TG. The inherently distinct donor-acceptor
character of HU and TG is underscored by the fact that HU
donates electrons to the carrier (Ag = —0.11 to —0.18 e) and TG
accepts electrons (Ag = 0.09-0.14 e). This opposing behavior is
indicative of their intrinsic frontier orbital structures and has
been documented in related research on anticancer medica-
tions adsorbed onto graphene and carbon nanotubes.****”
Oxygen substitution increases the magnitude of Ag as a result of
increased polarity, while nitrogen doping promotes directional
interactions that more effectively stabilize TG. These effects are
amplified by doping. Doped systems are particularly susceptible
to drug adsorption due to the synergy of improved charge
transfer and stronger binding.

Kinetic insight into the stability of drug binding is provided
by recovery times (t), where recovery time (1) is frequently
employed as a release tendency indicator in theoretical inves-
tigations. A shorter 7 indicates a more rapid release and simpler
desorption, while a longer t indicates a lengthier residence and
stronger retention. In the corrected scenario, the desorption of

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

HU complexes occurs almost instantly (~10~"* s), which is
consistent with their limited stabilization. In contrast, TG
complexes, particularly TG@CPP and TG@O-CPP, exhibit pro-
longed recovery periods of approximately 0.1 ms and 8-19 ms,
respectively. This underscores the critical function of oxygen
doping in extending the adsorption process. These millisecond
timescales are particularly pertinent for biosensing applications
that necessitate rapid response and regeneration.*® Conversely,
the apparent recovery times of TG@CPP and TG@O-CPP are
significantly longer when BSSE is disregarded, with desorption
times of approximately 10 days and 2 days, respectively, at 300~
310 K. Although these values are optimistic upper bounds, they
are in close proximity to the therapeutically relevant window for
controlled drug release, which is consistent with studies that
reported day-scale
carriers.>*

When considered collectively, the analysis of adsorption
energy, charge transfer, and recovery dynamics establishes
a coherent structure-property relationship. HU functions as
a weakly binding electron donor, resulting in rapid desorption,
whereas TG functions as a stronger-binding electron acceptor
with extended residence periods. The most plausible candidate
is TG@O-CPP, as oxygen loading improves both adsorption
strength and charge transfer. The uncorrected upper-bound
scenario implies that TG@O-CPP could also be used in drug-
delivery applications with the addition of additional chemical
modifications (e.g., pH-sensitive or redox-cleavable linkers),
while the corrected data identify this system as highly suitable
for biosensing. The broader literature emphasizes the role of
heteroatom doping in modulating adsorption energetics and
release dynamics in nanocarbon-based systems, which is
consistent with these findings.****

have retention in nanocarbon-based

3.4 Modulation of work function

The work function (@) is a critical descriptor of surface elec-
tronic properties that is directly correlated with electron emis-
sion, charge transfer efficiency, and interfacial reactivity. The
calculated value of @ for pristine CPP is 5.34 eV (Table 1), which
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agrees with the reported values for conjugated carbon nano-
hoops and comparable nanocarbon materials.**** The electron-
withdrawing nature of nitrogen and the stabilization of the
Fermi level were reflected in the increase of the work function to
6.85 €V as a result of nitrogen doping. In addition to nitrogen
doping, oxygen doping also increased ¢ to 5.87 eV, albeit to
a diminished extent, as a result of the introduction of polar
oxygen states within the m-framework.

Significant changes in @ were observed as a result of drug
adsorption, which suggests that the interfacial charge was
redistributed. HU@CPP and HU@N-CPP exhibited moderate
increases in comparison to the pristine carriers, whereas
HU®@O-CPP exhibited a much greater variation, which was
consistent with its nearly nonexistent band gap. The effects of
TG complexes were even more pronounced: TG@CPP and
TG@N-CPP shifted @ by 10-15%, while TG@O-CPP exhibited
the strongest modulation, with work-function values exceeding
25% change compared to virgin O-CPP. These differences are
indicative of the combined impact of orbital overlap and
charge-transfer directionality (donor versus acceptor behavior),
which was previously addressed.

This tunability of @ is of paramount importance for both
sensing and delivery applications. In the field of biosensing, the
accuracy of detection is improved by a higher work function,
which also enhances surface sensitivity and charge-transfer
efficiency.**" Modulation of @ in drug delivery suggests
a responsive interface that can be activated by external stimuli,
such as pH or light, to initiate controlled release.”*** The dual
role of drug adsorption and doping in fine-tuning the electronic
landscape of CPP-based carriers is emphasized by the observed
trends, which provide a rational pathway to multifunctional
nanoplatforms.

3.5 Indexes of global reactivity

To gain a more comprehensive understanding of the stability
and reactivity of pristine and functionalized CPP systems, the
global reactivity descriptors chemical hardness (), softness (S),
chemical potential (1), and electrophilicity index (w) were
calculated (Table 4). The conceptual context provided by these
descriptors is derived from density functional theory and
establishes a connection between chemical reactivity and elec-
tronic structure.

Table 4 Global reactivity indices

Structure 1P EA S n u 2]

CPP 6.865  3.819 0.328 1.523  5.342 9.370
N-CPP 8.377  5.409 0.337 1.484  6.893 16.006
O-CPP 5.893  4.005 0.530 0.944  4.949 12.970
HU@CPP 6.697  3.756 0.340 1.470 5.227 9.290
HU®@N-CPP  8.163  5.277 0.346  1.443 6.720 15.646
HU®@O-CPP 5.793 5.771 46.384 0.011 5.782  1550.567
TG@CPP 6.702  4.042 0.376  1.330 5.372 10.850
TG@N-CPP 6.693  5.618 0.931 0.537 6.156 35.265
TG@O-CPP 6.178 6.171  157.429 0.003 6.174 6001.767
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Fig. 7 Global reactivity indices illustrating the effect of doping and
drug adsorption on CPP-based frameworks.

The intermediate hardness and low softness of pristine CPP,
as illustrated in Fig. 7, are in accordance with its semi-
conducting nature and relatively wide band gap. Nitrogen
supplementation results in a minor decrease in hardness and
an increase in suppleness, which is indicative of improved
electronic reactivity and polarizability. The more pronounced
effect of oxygen supplementation is the reduction of » and the
elevation of w, which indicates a stronger electrophilic nature.

The reactivity indices exhibit substantial fluctuations as
a result of drug adsorption. Moderate alterations are observed
in HU@O-CPP, with a modest decrease in u and a small
increase in softness, indicating that responsiveness has been
enhanced without significant destabilization. In contrast,
TG@O-CPP demonstrates the most significant alterations:
a significant increase in w and a decrease in hardness, which
emphasizes its enhanced susceptibility to charge transfer and
amplified electrophilic behavior. The charge-transfer analysis
discussed in Section 3.3, which identified TG as a stronger
electron acceptor, is corroborated by these results.

The global reactivity profile is substantially influenced by
doping and drug adsorption, as evidenced by the radar chart
(Fig. 7), which offers a comparative overview of these trends.
TG@O-CPP is a prospective candidate for applications that
require controlled reactivity and electronic responsiveness, as it
possesses high electrophilicity and reduced hardness, which
may facilitate robust interactions with biomolecular targets.

3.6 Structure-properties relationship

The established structure-property correlations reveal that the
geometric adaptability of pristine and doped CPP frameworks
directly governs their electronic response and adsorption
performance. Localized distortions induced by nitrogen and
oxygen substitution not only preserve the intrinsic backbone

© 2026 The Author(s). Published by the Royal Society of Chemistry
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stability but also redistribute the m-electron density, creating
preferential adsorption sites. This structural modification
results in systematically shorter drug-carrier contact distances,
which are directly correlated with stronger adsorption energies
and enhanced charge transfer, particularly in TG-loaded
systems. The narrowing of the band gap in doped structures,
most notably in O-CPP, underscores how subtle atomic substi-
tutions can amplify reactivity and induce metallic-like behavior
upon drug binding.

Collectively, these observations confirm that structural
perturbations at the molecular level translate into tunable
electronic properties and controlled drug-carrier interactions,
thereby establishing a clear structure-property relationship that
underpins the multifunctional potential of CPP-based nano-
platforms. As evidenced by the optimized geometries (Fig. 1 and
2) and interatomic distances summarized in Table 1, the
introduction of nitrogen and oxygen dopants induced localized
distortions within the CPP nanohoops, which facilitated closer
drug-carrier contacts. These geometric perturbations correlate
directly with the adsorption-energy hierarchy in Table 3, where
doped frameworks consistently exhibit stronger binding rela-
tive to pristine CPP.

For instance, TG@O-CPP exhibits both the shortest interac-
tion distances (~1.96 A) and the most negative corrected
adsorption energy, highlighting the structural origin of its
enhanced stabilization. This closer binding also manifests
electronically, as shown in the DOS and band-structure analyses
(Fig. 3-6), where doped systems exhibit a pronounced
suppression of the energy gap, with TG@O-CPP reaching near-
metallic behavior (0.006 eV, Table 2). The global reactivity
descriptors (Table 4) further validate this relationship, as
oxygen substitution simultaneously reduces chemical hardness
and increases electrophilicity, thereby amplifying the carrier's
susceptibility to charge transfer. Together, these results estab-
lish a coherent structure-property relationship: dopant-induced
geometric distortions directly modulate adsorption strength,
charge redistribution, and band-gap suppression, ultimately
dictating the drug-carrier interaction dynamics. In our calcu-
lations the incorporation of N and O into the CPP backbone
shortens the drug-carrier contact (HU: 2.06-2.23 A; TG: 1.92-
2.26 A) and shifts the direction of charge transfer (HU donates
= —0.11 — —0.18 ¢; TG accepts = +0.09 — +0.14 e), producing
an adsorption-energy hierarchy from weak HU binding
(uncorrected —0.10 — —0.80 eV; BSSE-corrected = 0 — —0.78
eV) to substantially stronger TG binding (uncorrected down to
—1.13 eV; corrected values remain more stabilizing than HU).
These trends correlate with large electronic responses: TG@O-
CPP shows near-metallic gap quenching (~0.006 eV) whereas
HU perturbs the host gap only slightly.

In summary, the structure-property relationship in CPP-
based frameworks is dictated by dopant-induced geometric
perturbations that redistribute electronic density and create
preferential adsorption sites. Nitrogen and oxygen substitution
systematically shorten drug-carrier distances, enhance charge
transfer, and intensify band-gap suppression, particularly in
TG@O-CPP, which approaches metallic behavior. HU acts as
a weak electron donor with rapid desorption, whereas TG

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

View Article Online

RSC Advances

functions as a robust acceptor with stronger binding and
extended residence times. These results confirm that local
structural modifications translate into tunable electronic
properties and controlled drug-carrier interactions, positioning
doped CPPs as versatile candidates for both biosensing and
targeted drug delivery applications.?***%¢

In the context of biosensing, CPP-based systems have the
potential to function as sensitive platforms for the detection of
biologically relevant molecules through adsorption-induced
electronic modulation. Anticancer pharmaceuticals and nucle-
obase derivatives, as well as minor biomolecules like urea,
glucose, dopamine, uric acid, and amino acids, are potential
target analytes. The fundamental sensing mechanism in
carbon-based nanomaterials is the measurable variations in key
electronic parameters, such as band gap, density of states,
charge transfer, and work function, that can be induced by the
adsorption of such analytes.*”*® From a cellular standpoint, the
electronic and adsorption characteristics that were identified in
this study offer a preliminary understanding of the potential
interactions between doped CPP systems and biological envi-
ronments. Key parameters that influence cellular uptake,
intracellular stability, and drug-carrier residence time include
enhanced charge transfer, tunable work function, and control-
lable adsorption strength. It is possible that intracellular drug
retention may be favored by moderate binding energies and
finite recovery periods, while subsequent release is still
possible. While the current DFT investigation does not
encompass explicit cellular modeling, these findings provide
a theoretical framework for future in vitro and in vivo studies of
CPP-based nanocarriers.

4. Conclusion

The present study thoroughly investigated the structural, elec-
tronic, and adsorption characteristics of pristine and doped
cycloparaphenylene (CPP, N-CPP, and O-CPP) in relation to
their interactions with the anticancer agents' hydroxyurea (HU)
and thioguanine (TG). Geometry optimizations demonstrated
that all carriers maintain their inherent stability, whereas
doping induces localized distortions that augment reactivity
and establish preferred binding sites.

Electronic investigations indicated that doping considerably
reduces the band gap and promotes charge redistribution,
especially in O-CPP systems. HU was recognized as a weakly
interacting electron donor, resulting in very slight perturba-
tions, whereas TG functioned as a more potent electron
acceptor, causing significant band gap quenching and near-
metallic behavior in TG@O-CPP. Global reactivity indices
confirmed these findings, demonstrating increased electrophi-
licity and reduced hardness upon TG adsorption, particularly in
the oxygen-doped framework.

The energetics and kinetics of adsorption further empha-
sized the differing behaviors of the two pharmaceuticals. HU
complexes had minimal adsorption energies, negative charge
transfer, and very quick recovery periods, indicative of swift
release and inadequate retention. TG, in contrast, exhibited
enhanced adsorption, positive charge transfer, and extended
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recovery durations, especially in TG@O-CPP, where the syner-
gistic effects of doping and drug binding produced the most
stable and responsive complex.

The findings together indicate that doping effectively adjusts
the adsorption strength, electrical characteristics, and reactivity
of CPP-based nanocarriers. Of all the systems analyzed, TG@O-
CPP stands out as the most promising contender, exhibiting
superior binding, robust charge transfer, and adjustable elec-
trical responsiveness. These results provide significant insights
into the methodical design of cycloparaphenylene-based
nanostructures for applications in biosensing and drug
delivery, necessitating careful regulation of drug-carrier
interactions.

The proposed computational framework is not confined to
hydroxyurea and thioguanine and may be easily expanded to
include additional pharmacological substances. Specifically,
tiny anticancer agents such 5-fluorouracil, methotrexate, doxo-
rubicin, cisplatin derivatives, and nucleobase analogues are
promising prospects for further research. This adaptability
underscores the promise of doped CPP nanostructures as flex-
ible platforms for evaluating drug-carrier interactions before
experimental validation.
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