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Original Research Abstract:

Received: This work was done by the benefit of employing density functional theory (DFT) calculations for assessing
30 March 2025 a chitosan-modified nanocone scaffold (S) for the adsorption of ciclopirox antifungal drug (D) to provide
2R(‘)3\l]\1/lssd:2025 insights into the engineering a potential nano-based drug delivery platform by the formation of DS complexes.
Accept}; & Two scaffolds were prepared; S1 and S2, and three complexes were obtained for each scaffold by the
25 May 2025 adsorption of D substance yielding DS11, DS12, and DS13 for S1 and DS21, DS22, and DS23 for S2. The
Published online: strength of DS2 complexes were found higher than DS1 complexes, in which DS11 and DS21 were the
26 May 2025 strongest ones in each category. Regarding the evaluation of electronic features, small changes were found
fl}bliSh;(;izisn issue: for the frontier molecular orbital levels of models and their related features. As a result, formations of DS
une

complexes were found suitable for approaching the main goal of this work by obtaining suitable strengths for
the complex systems. Hence, the existence of non-covalent interactions between the adsorbate and adsorbent
counterparts and obtaining remarkable electronic features actually approved the applicability of employing S1
and S2 for adsorbing the specific D substance for investigating further developments of nano-based delivery
of ciclopirox antifungal drug.
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1. Introduction features has been targeted by several researchers for years
to customize a carrier for a specific drug substance [5, 6].
However, the achieved successes have not been certain yet

and many more investigations should be handled to over-

Regarding the critical issues in dealing with health sciences,
developing novel drug delivery platforms has been a crucial

step for approaching a controllable level of targeted medical
treatment of diseases with a higher efficiency in comparison
with the conventional treatments [1, 2]. Assigning a suitable
scaffold for the adsorption of drug substance could help to
approach a successful complex formation of drug-carrier
system to be handled for the drug delivery platform [3, 4].
To this aim, fabricating a carrier scaffold and examining its

come the complicated topic of drug treatments of diseases in
an efficient way [7, 8]. Chitosan; as a biopolymer composed
of glucosamine monomers, has been known to work as a
possible carrier in the drug delivery systems, in which its
combination with other substances such as nanostructures
provided even more suitable scaffolds for interacting with
the drug substances [9-11]. Indeed, several applications of
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chitosan-based systems have been investigated up to now for
working in the biological related media, in which the char-
acteristic features should be still examined for approaching
more suitable application of such system for desired biologi-
cal purposes [12, 13]. Nanostructures themselves have been
also introduced as characteristic materials for employing in
several fields of applications with a significance of appli-
cations in the biological and health related media [14, 15].
The results of earlier works indicated that the modification
of nanostructures or combining them with other substances
could lead to obtain better results for the case of adsorbing
other substances in comparison with the pure nanostructures
[16, 17]. Additionally, different structural shapes and archi-
tectures of nanostructures were found as other characteristic
issues of these systems for working in specific purposes
and the modification could be known as an enhancement
method of employing such featured materials [18, 19].

Nanocone is a typical conical architecture of nanostructure
for involving in different applications with a suitability of
adding functional groups to the tip-apex for generating com-
plex systems [20, 21]. Within the current research work,
the tip-apex of a representative nanocone was functional-
ized by a glucosamine monomer of chitosan biopolymer
to prepare a modified scaffold for adsorbing the ciclopirox
antifungal drug substance regarding the development of
nano-based drug delivery platforms. As shown in figure 1,
the glucosamine molecule was added to a nanocone within
its two atomic sites of involving in chitosan biopolymer
system along with the ether connection bridge. It is worth
to remind here that the chitosan biopolymer is composed of
glucosamine monomers, in which one monomer was used
in this work to provide the material of a molecular scale
study [22, 23]. Accordingly, S1 and S2 were designed as
two modified scaffolds for involving in the adsorption of
ciclopirox drug (D) substance (figure 2) to obtain the drug-
scaffold (DS) complex systems as shown in figure 3. The
models were prepared using the benefits of density func-
tional theory (DFT) calculations to obtain the optimized
systems and their characteristic features for engineering a
potential nano-based drug delivery platform [24, 25]. To
this aim, the molecular models were prepared using the
optimization calculations and their features were evaluated
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in both of numerical and graphical representations as listed
in Tables 1-3 and exhibited in figures 1-5. The main pur-
pose of current work was focused on the recognition of a
potential carrier along with the fabrications of a modified
scaffold as a practical adsorbent of ciclopirox drug. Ac-
cordingly, details of interacting systems and their features
before and after DS complex formations were evaluated to
realize the efficiency of targeted systems to be engineered
as a potential nano-based drug delivery platform. Structural
and electronic characterizations were done accordingly to
show benefits of employing the engineered platform of this
work for further investigations of such complicated systems.
The term of antifungal is generally related to those
medicines with killing or stopping roles against the growth
of infectious fungi, which are also called as antimycotic
agents [26]. Fungal and microbial infections have very seri-
ous negative impacts on the human health systems without
any certain treatment against them [27, 28]. Ciclopirox is
a common prescribed antifungal for medicating moderate
onychomycosis of fingernails and toenails besides treating
seborrheic dermatitis [29]. In a chemist’s point of view,
ciclopirox is a 2-hydroxypyridine derivative so called a hy-
droxypyridine antifungal agent [30]. By the importance of
this antifungal agent, the drug delivery of ciclopirox was
studied by earlier works to assess benefits of combinations
of drug and carrier systems for approaching better results
[31-34]. Indeed, a wide spectrum of prescription of ci-
clopirox made it as an important topic to be investigated for
approaching more successes on its use for medication of fun-
gal infections [35]. Accordingly, the current research work
was carried out to make DFT assessments on a chitosan-
modified nanocone scaffold (DS) for the adsorption of ci-
clopirox antifungal drug (D) to provide insights into the
engineering a potential nano-based drug delivery platform
along with the formation of drug-scaffold (DS) complexes.

2. Materials and methods

Within this research work, S1 and S2 models were prepared
using the combination of a glucosamine molecule; as a
monomer of chitosan biopolymer, and a nanocone along
with different atomic sites of glucosamine for the forma-

Figure 1. Chitosan-modified nanocone scaffolds (S1 and S2) composed from different atomic sites of chitosan monomer.
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tion of chitosan biopolymer. The models were optimized to
stabilize the S1 and S2 scaffolds to be examined as possi-
ble adsorbents of ciclopirox antifungal drug (D) (figure 2).
Next, combinations of D with each of S1 and S2 scaffolds
were examined by performing additional optimization calcu-
lations, in which three conformations were found for each
scaffold as indicated by DS11, DS12, and DS13 for the
combinations of D with S1, and DS21, DS22, and DS23 for
the combinations of D with S2 (figure 3). All calculations
of this work were done based on DFT for optimizing the
molecular models and evaluating their features using the
popular wB97XD/6-31G* method/basis set as implemented
in the Gaussian 16 program [36]. Strengths of adsorptions
were evaluated for the complex systems as listed in Table 1
including the impact of counterpoise basis set superposition
error (BSSE) [37]. Stabilities of models were confirmed
by performing additional vibrational frequency calculations
not to show the existence of any imaginary frequency. By
obtaining the optimized systems, the involving interactions
were identified by the quantum theory of atoms in molecule
(QTAIM) and the non-covalent interaction (NCI) analyses
using the Multiwfn 3.8 program [38] as represented in Ta-
ble 2 and figures 3 and 4. Afterwards, the frontier molecular
orbital based electronic features were evaluated using the
Chemcraft 1.8 and gaussSum 3.0 programs [39, 40] regard-
ing the energy values of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular or-
bital (LUMO) levels as represented in Table 3 and figure 5.
Indeed, the current research work was done by the bene-
fits of employing computer-based tools to investigate the
existence and featured properties of molecular models for
developing their further functions and applications for de-
sired purposes [41—44]. In this regard, the evaluated results
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of this work could be expected to reveal insights into the
fabrication of an appropriate chitosan-modified nanocone
scaffold (S) for adsorbing the ciclopirox antifungal drug (D)
to be engineered in a potential nano-based drug delivery
platform along with the formation of drug-scaffold (DS)
complexes.

3. Results and discussion

To approach the idea of this work, two forms of a chitosan-
modified nanocone scaffold; identified as S1 and S2, were
assessed for the adsorption of ciclopirox antifungal drug
(D) to provide insights into the engineering a potential nano-
based drug delivery platform. Formations of DS complex
systems regarding various modes of interactions were ex-
amined along with DFT calculations. Singular and complex
models were prepared (figure 1-3) and their stabilities were
found through the geometrical optimization calculations.
Next, details of complex systems and electronic features
were evaluated to approach the aim of this work. To assess
details of investigated models, the evaluated features were
discussed in the following domains.

3.1 Models preparation and adsorption strength

The main model of this work was the chitosan-modified
nanocone scaffold, in which the way of attachment of chi-
tosan monomer (glucosamine) to the apex-tip of nanocone
yielded two scaffolds as shown by S1 and S2 in figure 1.
As mentioned in the Introduction part, the glucosamine
monomer was used as a representative of chitosan biopoly-
mer in this molecular scale study. Both of S1 and S2 models
were optimized in the single-standing state in addition to
the optimization of single-standing ciclopirox antifungal
drug as indicated by D (figure 2). Next, the models were

Figure 2. Ciclopirox drug (D).

Table 1. Adsorption energy (Eags kcal/mol) of drug-scaffold complex systems (figure 3).*

System  DSI11 DS12

DS13

DS21 DS22 DS23

Eads ~10.94 —7.74

—7.37

—-11.77 -1098 —8.10

*Eads = Eps — Es — Ep + BSSE
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combined to each other for the formation of interacting
complexes including the D and each of S1 and S2 scaffolds,
in which three models of complexes were found for each
scaffold including DS11, DS12, and DS13 for the formation
of D and S1 interactions and DS21, DS22, and DS23 for the
formation of D and S2 interactions. The complex models
were optimized and their finalized forms were shown in
figure 3 to be assessed for the formation of drug-scaffold
complexes. Within these models, the scaffold was assigned
as the adsorbent and the drug was assigned as the adsorbate
and the whole process was assigned as an adsorption pro-
cess for the formation of adsorbate- adsorbent complexes.
Accordingly, the term of adsorption strength was identi-
fied for these systems based on the energy differences of
complexes and their counterparts. As listed in Table 1, the
models were stabilized with different levels of strength as
found by —10.94, —7.74, and —7.37 kcal/mol for the for-
mation of DS11, DS12, and DS13 systems and —11.77,
—10.98, and —8.10 kcal/mol for the formation of DS21,
DS22, and DS23 systems. In this regard, the models were
found in different modes of formations regarding different
scaffolds and also the relaxation of D substance towards
the scaffold. It is important to describe the achievement
on the adsorption processes which show the significance of
modes of interactions between the substances to yield the

Hsu et al.

desired systems. Accordingly, the models were found in
different levels of strength regarding their found values of
Eags- DS11 and DS21 were found at the highest level of
strength for each category of scaffolds showing the best re-
laxation way of D towards the S1 and S2 scaffolds, in which
the S2 scaffold was found even at a higher level of strength
in comparison with the S1 scaffold regarding the obtained
values of Eags. As a conclusion, although all complex mod-
els were found strong enough to yield the formation of DS
complexes, but the models related to the S2 scaffold yielded
stronger adsorption processes than the models related to the
S1 scaffold. As examined for the whole possible interacting
geometries, these models were finalized based on their en-
ergy features and geometrical specifications. Hereby, DS11,
DS12, DS13, DS21, DS22, and DS23 were assigned as the
final complex models of this work. As a result, the models
were involved in further investigations for learning their
details and specifications.

3.2 QTAIM and NCI analyses

For identifying the involving interactions and describing
their features, the complex models were assessed regarding
the QTAIM and NCI analyses. The shown interaction in
figure 3 for the complexes were found based on the QTAIM
analysis and their corresponding features were summarized

DS21

Figure 3. Drug-scaffold (DS) complex systems composed from varieties of interaction possibilities between drug (D) and each scaffold (S1 and S2).
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Table 2. QTAIM features (in au) of interactions in drug-scaffold complex systems (figure 3).*

System Interaction Distance (A) p Vzp K(r) V(r) H(r)
DS11 1: 0...H 2.61 0.0059 0.0262 —0.0013 —0.0039  0.0013
2:H...O0 2.73 0.0044 0.0204 —0.0012 —0.0027  0.0012
3:0...H 1.82 0.0325 0.1095  0.0004 —0.0282 —0.0004
DS12 1: H...O 2.01 0.0220 0.0763  0.0002  —0.0196 —0.0002
2:0...H 2.06 0.0188 0.0675 —0.0005 —0.0159  0.0005
DS13 1: H...O 2.09 0.0189 0.0649  0.0002  —0.0167 —0.0002
2:0...H 2.06 0.0185 0.0687 —0.0006 —0.0158  0.0006
DS21 I:H...O 2.38 0.0107 0.0383 —0.0005 —0.0086  0.0005
2:0...H 3.04 0.0032 0.0139 —0.0008 —0.0018  0.0008
3:0...H 1.86 0.0279 0.1034 —0.0005 —0.0248  0.0005
DS22 1: H...O 1.95 0.0249 0.0835  0.0006  —0.0219 —0.0006
2:0...H 1.81 0.0312 0.1185 —0.0008 —0.0279  0.0008
DS23 I: H...O 1.98 0.0236  0.0771 0.0007  —0.0207 —0.0007
2:0...H 1.98 0.0217 0.0801 —0.0006 —0.0188  0.0006

*These features were directly extracted from the calculation results.

in Table 2. Additionally, the results of NCI analysis were
shown in figure 4. As shown in the complex systems, three
interactions were found for the formation of DS11 and DS21
whereas the rest of models were found based on the involve-
ment of two interactions in each complex model. As a
result, formations of DS11 and DS21 complexes were at the
strongest level for each category of S1 and S2 scaffolds com-
paring to other models of the same category. Comparing
distances of interactions (Table 2) between D and S coun-
terparts in two categories of S1 and S2 scaffolds indicated
that the models of S2 related complexes were stabilized at
shorter distances towards each other than the models of S1
related complexes. Accordingly, the adsorption strength
was found differently for the complex models in each cate-
gory. Moreover, the models were described regarding the
electronic based energy features of each interaction at its
bond critical point (BCP) in the complex using the evalu-
ated QTAIM features; p, 2p, K(r), V(r), and H(r), implying
for density of all electrons, Laplacian of electron density,
Hamiltonian kinetic energy, potential energy density, and
energy density. As a general issue, the signs of QTAIM
features are very important for their recognition, as the neg-
ative sign for both of 2p and H(r) stands for a covalent bond
and the positive sign for both of 2p and H(r) stands for an
electrostatic bond. The interaction will be partially cova-
lent in the case of negative sign of 2p only and it will be a
strong electrostatic interaction in the case of negative sign
of H(r) only. Hereby, different modes of interactions could
be seen for the involving interactions in each complex and
in the comparative complexes. In this regard, the models
were found to be available in the non-covalent interactions,
which is a representative of pushing forward the reversible

adsorption processes. Hence, an occurrence of desorption
process could be expected for the obtained non-covalent
complexes. In this case, the models were found suitable for
working in the drug delivery process, as the loaded drug
should be released from the carrier scaffold.

Additional assessments of interactions were done based on
the results of noncovalent interaction (NCI) analysis as de-
scribed in the plots of figure 4, scattered by the values of
reduced density gradient (RDG) over the sign(A;)p for each
interaction. The left region of plot with negative values
of sign(A;)p implies for the existence of hydrogen bond
or electrostatic interactions, the central region of plot with
zero values of sign(A;)p implies for the existence of van
der Waals interactions, and the right region of plot with pos-
itive values of sign(A,)p implies for the existence of strong
repulsive interactions. As could be learned by the obtained
results of NCI analysis, the existence of electrostatic nature
of interaction was obvious for each involving interaction in
the presence of normal repulsive terms. Accordingly, based
on the results of QTAIM features and the complementary
NCI scatter plots, the formation of complexes was related to
the existence of meaningful interactions between the coun-
terparts. Additionally, strong interactions were found for
the formations of DS11 and DS21 approving the achieve-
ment on the formation of these two complexes. To this
point, the models were found practical for approaching a re-
versible adsorption process making possible the occurrence
of desorption also.

3.3 HOMO-LUMO related features

Regarding the achievements of structural analyses, the mod-
els of this study were found stable enough to be investigated

2008-8868[https://dx.doi.org/10.57647/j.ijnd.2025.1604.32]
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Figure 4. Non-covalent interaction (NCI) analyses of drug-scaffold (DS) complex systems for each represented interaction in figure 3 assigned by
numbers in the parenthesis.
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Table 3. Molecular orbital features (in eV) of singular scaffolds and drug systems and their drug-scaffold complex systems (Figures 1-3).*.

System Enomo ErLumo EGap H n w

D —7.74 1.00 8.74 —3.37 4.37 1.30
S1 —6.51 —1.57 4.94 —4.04 2.47 3.30
S2 —6.39 —1.40 4.99 —3.90 2.49 3.05
DS11 —6.48 —1.52 4.95 —4.00 2.48 3.23
DS12 —6.47 —1.53 4.95 —4.00 2.47 3.23
DS13 —6.49 —1.54 4.94 —4.01 2.47 3.26
DS21 —6.31 —1.32 5.00 —3.82 2.50 291
DS22 —6.34 —1.34 5.00 —3.84 2.50 2.95
DS23 —6.34 —1.34 4.99 —3.84 2.50 2.95

*Descriptions of evaluated features:

Enomo (Energy of the highest occupied molecular orbital); directly extracted from the calculation results.
ErLumo (Energy of the lowest unoccupied molecular orbital); directly extracted from the calculation results.
Egap (Energy of gap between HOMO and LUMO) = ELymo — Enomo
p (Chemical potential) = (ELymo + Enomo)/2
1 (Chemical hardness) = (ELuymo — Enomo)/2
w (Electrophilicity index) = (w)?/(2n)

for analyzing their electronic features. Accordingly, the
HOMO-LUMO related features were evaluated for the in-
vestigated systems and they were listed in Table 3. Addition-
ally, the visualized representations of distribution patterns
and density of states (DOS) spectra were exhibited in fig-
ure 5. As could be found by the results, different values
of Egomo and Epuymo were observed for S1 and S2 scaf-
folds showing the changes of electronic features of models
regarding the way of modification of nanocone using the
glucosamine monomer of chitosan biopolymer. In this case,
the values of Eg,, showed also changes of features based on
the variations of HOMO and LUMO levels. Indeed, these
frontier levels are very important to be investigated for the
electronic features of molecular models because of their
significant roles for pushing forward the electronic transac-
tions inside and outside of the molecule. To this point, the
models of this work including the singular D, S1 and S2
and the complexes were investigated based on the HOMO-
LUMO features. Comparing the values of Eg,p for S1 and
the corresponding DS11, DS12, and DS13 complexes and
for S2 and the corresponding DS21, DS22, and DS23 com-
plexes were found slightly different in each category. This
achievement could be related to the stability of each mod-
ified scaffold to keep its initial electronic feature even by
adsorbing the drug substance in the complex state. On the
other hand, levels of HOMO and LUMO were changed for
the systems from the singular scaffold to the corresponding
complexes. The visualized DOS spectra also showed varia-
tions of those molecular orbital levels before and after the
dominant HOMO and LUMO levels, in which monitoring
such variations could be useful for approving the adsorption
process of drug substance by the scaffold. Moreover, the
values of Eg,p and also variations of HOMO and LUMO
levels could be observed directly by the visualized DOS
spectra of molecular systems.

In addition to the discussed electronic features, other re-
lated features were listed in Table 3 standing for chemical
potential (u), chemical hardness (1), and electrophilicity
index (w). As could be found by the obtained results, the
electronic features were changed regarding the changes of
HOMO and LUMO levels yielding values of additional elec-
tronic features. Changes of value from the singular scaffold
to the corresponding complex system could be followed by
the evaluated information. Although slight changes were
found among the models, but the way of scaffold modifica-
tion and also the type of obtained complexes were important
to achieve the results. In other words, the structural features
have their significance on the electronic features and they
could define the next applications and functions of molecu-
lar systems. As could be found for the investigated systems,
all models of adsorption process could be expected suit-
able for the formations of complexes but their own specific
features.

4. Conclusion

The main goal of this work was focused on the investigation
of two forms of a chitosan-modified nanocone scaffold; S1
and S2, for the adsorption of ciclopirox antifungal drug
(D) to provide insights into the engineering a potential
nano-based drug delivery platform regarding the formation
of DS complex systems along with DFT calculations.
In this regard, the molecular models of singular and
complex systems were characterized based on structural
and electronic features. The achievements of this work
could be summarized in some notations regarding their
discussed content. The first notation could be considered
on the way of modification of nanocone with the chitosan
monomer, in which S2 was found stronger than S1 for
adsorbing the drug substance by the formation of stronger
DS2 complexes than DS1 complexes. In both systems,
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Figure 5. DOS spectra of singular scaffold (S1 and S2) systems and drug-scaffold (DS) complex systems including HOMO (left-green) and LUMO

(right-red) distribution patterns in each panel.

2008-8868[https://dx.doi.org/10.57647/j.ijnd.2025.1604.32]


https://dx.doi.org/10.57647/j.ijnd.2025.1604.32

Hsu et al.

one complex involving three interactions was the strongest
model of complex formation. The second notation could
be considered on the QTAIM features, in which the
counterparts of DS2 complexes were relaxed closer to each
other than the counterparts of DS1 complexes. Accordingly,
features of each interaction were identified based on the
evaluated features showing the existence of non-covalent
interactions in the complex systems. These issues were
re-checked by the results of NCI analysis for the complexes.
The third notation could be considered on the electronic
features of scaffolds, in which the main features were
kept in the complex systems showing independency of
complexes to the relaxation of conformations regarding
the electronic variations. In this case, the complex models
of each category were slightly different from each other,
but the two categories were more different. And as a final
notation, formations of DS11, DS12, and DS13 complexes
for the adsorption of D by the assistance of S1 scaffold
and formations of DS21, DS22, and DS23 complexes
for the adsorption of D by the assistance of S2 scaffold
were found suitable for approaching the main goal of this
work. Obtaining suitable strengths for the complex systems
along with the existence of non-covalent interactions
between the adsorbate and adsorbent counterparts and
obtaining remarkable electronic features actually approved
the applicability of employing S1 and S2 for adsorbing the
specific D substance for investigating further developments
of nano-based delivery of ciclopirox antifungal drug.
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