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Abstract:
Conjugations of a diamond (Diam) nanoflake and the paclitaxel (PTX) anticancer were investigated
by analyzing the structural and electronic specifications obtained by density functional theory
(DFT) regarding the nano-based drug delivery approach. The results indicated the formation of
two physically interacting PTX@Diam conjugations; C1 and C2 with the strength values of -9.96
and -25.28 kcal/mol, respectively. The analyses of featured properties indicated an organizing
role of Diam nanoflake for the next behaviors of PTX drug especially in the C2 conjugation. The
localizations of all molecular orbital patterns were found at the surface of Diam nanoflake in both
of C1 and C2 indicating its dominant role for managing the electronic behaviors. Additionally,
chemical potential (-4.14 eV) of PTX was found better in C2 with a so much likely chemical
potential (-4.28 eV) to the isolated PTX substance. Hereby, an enhanced PTX@Diam conjugated
system was propped by this work regarding the nano-based drug delivery developmental approach.
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1. Introduction

Managing the health system levels of nowadays has been
mainly affected by the wildness of current diseases and the
appearance of new ones, in which several efforts have been
dedicating to learn details of such complicated issues [1–3].
To overcome such problematic issues, either learning details
of bio-related health systems or devolving novel therapeutic
substances might lead to provide a higher level of treatment
for the patients [4–6]. For approaching successful drug de-
livery platforms, nanostructures have been found as suitable
substances of conjugations for enhancing the drug efficien-
cies by playing carrier and sensor roles [7, 8]. Based on
the results of earlier works, benefits of making conjugated
substances for improving the drug efficiency were identi-
fied through the formation of both of chemical and physical
conjugated systems [9, 10]. Accordingly, the efforts of re-
searchers leaded to the initiation of nano drug delivery sys-
tems to manage the process in a targeted route for enhancing

the patients’ treatment efficiency [11, 12]. It is important
to remind that the developments of so many types of bio-
related materials are still required for successfully dealing
with the human living systems [13–15]. Because of appro-
priate structural and electronic features, nanostructures have
been always expected to work as good complementary sub-
stances for contributing to several reactions and interactions
[16–19]. To this time, considerable research works have
been done to indicate benefits of nanostructures for inter-
acting with the drug substances to optimize their functions
towards a specific treatment process [20, 21]. Accordingly,
the characteristic features of such conjugated systems have
been found by the results of structural and electronic anal-
yses emphasizing on the managing and controlling role of
nanostructures for determining the next functions of drug
substances [22, 23]. Hereby, the nano-based drug deliv-
ery processes have been focused by considerable research
works up to now for customizing the nano-drug conjugated
systems [24, 25]. To this aim, learning the detailed infor-
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Figure 1. Structural representation of PTX (Paclitaxel), Diam (Diamond nanoflake), C1 and C2 (Conjugated PTX@Diam)
models; interactions in the conjugated C1 and C2 models were shown in dot-lines.

mation between drug and nanostructure counterparts are
essential, in which the computational tools are very useful
for providing the required insights and information [26–28].
Nanostructures have been firstly introduced by the pioneer-
ing carbon nanotube; however, several other forms and
structures have been characterized for these novel mate-
rials [29–32]. The characteristic structural and electronic
features of nanostructures have proposed them as unique
materials for working in different purposes and applications
[33, 34]. Indeed, a need of developing novel materials for
the biomedical purposes emerged considerable investiga-
tions on the materials characterizations towards working
in the bio-related systems [35, 36]. To this aim, several
efforts were done to recognize the specific materials for the
specific purposes [37, 38]. For the case adsorption or carrier
processes, a stable nanostructure is needed for approaching
a stable conjugated system between the interacting counter-
parts [39, 40]. To this aim, a diamond-like model was inves-
tigated in the current research work to be conjugated with
the paclitaxel anticancer regarding the nano-based drug de-
livery approach. Diamond (Diam) has been also categorized
among the nanostructures within a stable nanoflake config-
uration as reported by the earlier research works [41, 42].
Accordingly, the surface of such a stable Diam nanoflake
was used in this work towards an anticancer (Figure 1) to

customize the formation of a conjugated system for propos-
ing a possible drug delivery platform.

Paclitaxel (PTX), or Taxol, is a known anticancer drug
for chemotherapy of various cancers involving breast, lung,
cervical, ovarian, esophageal, and pancreatic ones [43–47].
Although PTX is working among the suitable medications,
but allergic reaction, numbness, bone marrow suppression,
muscle pain, and hair loss have been observed as side effects
for the patients [48–52]. Hence, improving the medication
efficiency of PTX has been focused by several works up
to now and further investigations are still required to ap-
proach a more successful level of medication [53–57]. By
the supposed roles of nanostructures for working as carriers
of drug delivery processes, a conjugated system of interact-
ing PTX and Diam counterparts was explored within the
current work along with density functional theory (DFT)
calculations. Both of isolated and conjugated systems of
investigating models were analyzed in to determine details
of structural interactions and the post-conjugation features.
Figures 1-4 exhibited the structural interacting counterparts
and mechanism of conjugations and the related graphical
electronic features. Tables 1-3 included the quantitative
structural and electronic specifications of the models. The
structural analyses of diamond-assisted paclitaxel anticancer
conjugations (PTX@Diam) and evaluating their features
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Figure 2. Infrared (IR) spectra representation of PTX, Diam, and C1 and C2 conjugated PTX@Diam models.
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Table 1. Structural specifications of C1 and C2 conjugated PTX@Diam models.

Model ε (kcal/mol) PTX· · ·Diam d (Å) ρ (au) ∇2ρ (au) H (au)

1: H· · ·C 3.08 0.0039 0.0123 0.0007
C1 -9.96 2: H· · ·C 3.11 0.0036 0.0115 0.0006

3: H· · ·C 3.34 0.0025 0.0084 0.0004

1′: H. . . C 3.01 0.0044 0.0147 0.0008
2′: H· · ·C 2.57 0.0087 0.0284 0.0012

C2 -25.28 3′: H· · ·C 2.52 0.0108 0.0358 0.0013
4′: H· · ·C 2.27 0.0151 0.0468 0.0076
5′: H· · ·C 3.17 0.0032 0.0106 0.0006
6′: H· · ·C 3.19 0.0034 0.0106 0.0005

along with the DFT calculations was the main idea of this
work to provide information for developing nano-based
drug delivery approach.

2. Computational methods
This molecular scale work was done based on DFT cal-
culations, which were performed using the Gaussian 09
D.01 program employing the dispersion effect corrected
wB97XD functional and the 6-31G* bases set [58–60]. In-
deed, the current research works was done by the benefits of
employing computational tools for investigating the features
properties of chemical systems [61, 62]. Hereby, the inves-
tigated models involved the 3D structures of isolated forms
of PTX and Diam and physically interacting PTX@Diam
conjugations; C1 and C2 (Figure 1). The geometries of iso-
lated and conjugated models were stabilized by performing
optimization calculations and involving interactions were
extracted using the Multiwfn 3.8 program based on the
quantum theory of atoms in molecules (QTAIM) analyses
[63, 64]. Additionally, the vibrational frequencies were
calculated and corresponding Infrared (IR) spectra were
exhibited in Figure 2. Moreover, the impacts of water sol-
vent on the thermochemistry features of conjugated systems
were recognized (Table 2) by implementing the water sol-
vent based on polarizable continuum model (PCM) method
[65]. At this point of investigation, the structural specifi-
cations were found and the energies (E) were evaluated to
recognize the strength of conjugated systems (ε) through
eq. (1) besides the evaluated QTAIM features (Table 1). For
avoiding any overestimation of energies, the impacts of ba-
sis set superposition error (BSSE) [66] were considered in
the evaluation of ε values. Additionally, variations of ther-
mochemistry features for Gibbs free energy (G), enthalpy
(H), and entropy (S) of conjugated systems in gas and water
phases were recognized using eqs. (2)-(4).

ε = EPT X@Diam–EPT X –EDiam +BSSE (1)

∆GWater−Gas = ∆GWater–∆GGas (2)

∆HWater−Gas = ∆HWater–∆HGas (3)

∆SWater−Gas = ∆SWater–∆SGas (4)

Next, the models were characterized by performing fron-
tier molecular orbital (FMO) calculations [67, 68] on the
optimized systems, in which the results were divided into

two parts; the graphical representations of Figures 3 and
4 and the quantitative features of Table 3. At this point of
investigation, both of qualitative and quantitative electronic
specifications of models were known. Energy levels of the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of dominant FMO
levels were extracted directly and eqs. (5) – (8) were used
for obtaining their related features [69, 70]. Accordingly,
Table 3 included the obtained values of energy gap (δ ),
chemical potential (µ), chemical hardness (η), and charge
transfer (Q). Additionally, the values of dipole moments
(µd) were also included in Table 3. Figure 3 exhibited the
graphical representations of HOMO and LUMO distribu-
tion patterns as evaluated by the Chemcraft 1.8 program
[71] and Figure 4 exhibited the diagrams of density of states
(DOS) as evaluated by the GaussSum 3.0 program [72].

δ = ELUMO–EHOMO (5)

µ =
1
2
(ELUMO +EHOMO) (6)

η =
1
2
(ELUMO–EHOMO) (7)

Q = QDiaminPT X@Diam–QDiam (8)

3. Results and discussion
The current research work was done by the importance of
developing nano-based systems for approaching successful
drug delivery processes, in which the topic requires further
investigations to provide more detailed insights and infor-
mation [73–75]. To the point, the main goal of this work
was considered to focus on the assessment of benefits of
a representative diamond surface (Diam) to adsorb the Pa-
clitaxel (PTX) drug along with the formation PTX@Diam
conjugations. The employed method was DFT calculations
and the models and their evaluated results were exhibited
in Figures 1-4 and Tables 1-3. Indeed, the main novelty
of this work was focusing on the determination of involv-
ing interactions inside the PTX@Diam conjugated systems
and to show the benefits of such a conjugated model re-
garding the evaluated structural and electronic properties.
Hereby, the achievements were discussed by the following
parts structural specifications and electronic specifications.
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Figure 3. Electronic HOMO and LUMO distribution pattern representation of PTX, Diam, and C1 and C2 conjugated
PTX@Diam models.

Indeed, the experimental investigations are essential to rec-
ognize the availability of chemical systems; however, so
many types of detailed insights and information could be
learned by computational investigations [76].

3.1 Structural specifications

The model structures were shown in Figure 1 including
the isolated PTX and Diam and their physically interacting
PTX@Diam conjugations; C1 and C2. The models were fi-
nalized by optimizing the geometries of both of isolated and
conjugated systems. Their stabilities were also examined by
performing additional calculations of vibrational frequen-
cies avoiding the existence of any imaginary frequency, in
which the evaluated IR spectra were exhibited in Figure 2.
To further analysis the details of existing interactions, the
QTAIM based analyses were performed to identify the in-
teractions and their specifications in the conjugated models.

The Diam nanoflake was found as a planar system to adsorb
the PTX drug substance, in which the formations of two
conjugations were confirmed after examining all possible
starting configurations for the PTX to contribute to interac-
tions with the Diam surface. It should be reminded that the
variations of initial orientations of PTX towards the surface
of Diam were monitored carefully based on the achievement
of energy convergence of optimization calculations. As a
result, two configurations of conjugated systems were found
stable to be investigated in this work as the most possible
and available configurations of PTX@Diam conjugations.
Hence, the models were assessed by the obtained energies,
frequencies, and QTAIM properties as essential features of
this work for assessing the structural specifications of the
investigated models. Besides, the impacts of water solvent
on the thermochemistry features of complexes were also
examined and the results were summarized in Table 2. Ac-
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cordingly, the featured properties of Tables 1 and 2 were
obtained for discussing the conjugated systems formations
and specifications.

In accordance with the results of Table 1, the obtained
conjugation strengths (ε) indicated different modes of sta-
bilities for the investigated models, in which the strength
of C1 was found -9.96 kcal/mol and that of C2 was found
-25.28 kcal/mol. Hence, the ε quantity indicated a reason-
able strength of conjugation for both of C1 and C2 systems,
but with a higher suitability of conjugated systems forma-
tion for C2. The reasonability of conjugation was claimed
because of obtaining a negative value of ε for both of conju-
gated systems, but with a higher strength for C2 rather than
C1. Additionally, the obtained conjugated systems were
found to be in a physical mode of interactions yielding a
non-covalent formation of C1 and C2. This type of non-
covalent formation could be related to the reversibility of
conjugated systems to be involved in the drug delivery pro-
cesses to be able to deliver their uploaded drug. Returning
to Figure 1, it could be seen that the orientation of PTX to-
wards the Diam surface is different in C1 and C2; hence, the
models detected different environment of interactions for
the formation of PTX@Diam conjugations. Beside a larger
number of involving interactions in C2, the counterparts
were located in a closer distance to each other as indicated
by the d quantity. The performed QTAIM analyses identi-
fied the existence of one H· · ·C interaction type from the
PTX substance to the Diam nanoflake, but with different
number of involving interactions in C1 and C2. In this case,
an average value of 3.18 Å was fond for d of C1 and an
average value of 2.79 Å was fond for d of C2. These values
of d could affirm the existence of a physical conjugation
system based on the formation of H· · ·C interactions in both
of C1 and C2, in which a very shorter d is needed for the
formation of H-C chemical bond.
The remarkable features of QTAIM analyses including ρ ,
∇2ρ , and H, indicated the role of each interaction in the
conjugated systems, in which the results showed small por-
tion of electron density for the interactions and the positive
sign of H could re-affirm the existence of physically conju-
gated systems. However, comparing the interactions inside
each conjugated system could reveal a characteristic role
for each of interaction between the interacting atoms of two
substances of PTX and Diam, In this case, although the
interactions were mainly based on the formation of H· · ·C
interactions, but the total strength yielded a meaningful
strength of PTX@Diam conjugation formation. For a con-
clusion; the formation of physically interacting PTX@Diam
conjugated systems was affirmed by the obtained values of
energies, interactions, distances, and QTAIM specifications
while C2 was stronger than C1. Analyzing the evalu-
ated IR spectra (Figure 2) also affirmed the formation of
PTX@Diam conjugated systems, in which the changes of
peaks from the regions of individual PTX and Diam to the
conjugated systems were notable. Among the conjugated
systems, comparisons of peaks also indicated an ability
of distinguishing the conjugated systems from each other
based on the evaluated IR specifications. The corresponding
evaluated thermochemistry features (Table 2) also indicated

Figure 4. Density of states (DOS) diagram representation
of PTX, Diam, and C1 and C2 conjugated PTX@Diam
models.
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Table 2. Impacts of water solvent on the thermochemistry features of C1 and C2 conjugated PTX@Diam models.

Model ∆GWater−Gas ∆HWater−Gas ∆SWater−Gas

C1 -10.52 -10.29 2.74
C2 -15.06 -14.81 5.23

the availability of conjugated systems in the water phase
even better than the gas phase. Indeed, the PTX counter-
part itself played a good role of maintaining the structures
in the water systems. Accordingly, the existence of water
solvent helped to achieve better values for ∆G, ∆H, and
∆S, for the conjugated systems with the priority of C2 in
comparison with C1. In this regard, the availability of the
investigated models in water systems could be considered
by the importance of watery environment of most of biolog-
ical systems and drug delivery process. Hence, the models
were stabilized based on reasonable features of structural
specifications, in which the level of formation and strength
could be also compared to earlier parallel works on the
drug delivery processes [8, 56] revealing the reasonability
of the results of current work for proposing the PTX@Diam
conjugated systems as possible platforms of drug delivery
process.

3.2 Electronic specifications
Besides the very important structural specifications analyses
of chemical systems, electronic specifications analyses are
crucial for determining the behaviors of chemical subsys-
tems and their detectability. To this aim, analyzing the FMO
related features could lead to the generation of insightful
information about the systems. In this regard, the graphical
representations of distribution patterns of dominant HOMO
and LUMO levels of FMO were visualized for the isolated
and conjugated systems (Figure 3). First of all, different
localizations of HOMO and LUMO distribution patterns
were found for the isolated PTX model, in which the inter-
acting site of PTX in the formation of C2 was that side of
HOMO and LUMO involvement while the interacting side
of PTX in the formation of C1 was free of any localization.
Accordingly, a stronger formation of C2 than C1 was ex-
pected regarding the closer distance of HOMO and LUMO
patterns of C2 to the Diam surface than C1 to be involved
in charge transferring process. The higher strength of C2
than C1 was already found by the structural specifications
analyses. Next, a remarkable role of Diam nanoflake was
found by adsorbing all the distribution patterns of conju-
gated systems at the surface of nanoflake and making the
PTX substance free of any distribution pattern localization.
Exactly at this point, the charge transfer direction was found

from the PTX substance to the Diam nanoflake surface, in
which the obtained value of Q was found to be -0.09 and
-0.12 |e| for C1 and C2 (Table 3). A major role of electron
transferring the Diam nanoflake surface was found for C2
more significant that C1. As mentioned earlier, the conju-
gated systems are expected to work as enhanced platforms
for approaching more targeted drug delivery processes by
providing a controlling role of nanoflake carrier; the modes
indicated a remarkable role for the Diam nanoflake to orga-
nize the electronic behavior of C1 and C2.
The electronic specifications of models (Table 2) were as-
sessed further regarding the featured properties of charac-
teristic EHOMO and ELUMO quantities and their related
quantities including δ , µ , and η . Besides the mentioned
achievement of Q and also distribution patterns localizations
for the electron transferring processes, a possibility of elec-
tron transferring could be also recognized in the molecular
models by the EHOMO and ELUMO quantities. More-
over, the evaluated values of µd showed significant changes
of dipole moment quantity from the individual models to
the conjugated systems. In both cases of conjugations, the
dipole moment was increased regarding the individual PTX
substance. Additionally, the individual Diam with µd = 0
Debye reached to a polar level addressing a lower toxic-
ity of Diam in the conjugated system in comparison with
the individual form. The earlier results of water impacts
also indicated a better stability of conjugated systems in the
water phase, re-addressing to a lower toxity of conjugated
systems. In the case of FMO analyses, lower or higher
levels of HOMO and LUMO could determine the mecha-
nism of electron transferring process as could be found by
the variations of levels from the individual models to the
conjugated systems. The new HOMO and LUMO levels of
conjugated systems were closer to the old levels of isolated
Diam nanoflake than those of isolated PTX substance. In
this regard, the achievement of adsorbing all the distribution
patterns for localizing at the Diam nanoflake surface was
confirmed; as it was observed by the graphical representa-
tions of Figure 3. Moreover, a closer distance of HOMO
and LUMO levels (δ ) was found in the conjugated systems
in comparison with the isolated PTX substance more sim-
ilar to the distance in the isolated Diam nanoflake. These
achievements could show the significant impacts of Diam

Table 3. Electronic specifications of PTX, Diam and C1 and C2 conjugated PTX@Diam models.

Model EHOMO (eV) ELUMO (eV) δ (eV) µ (eV) η (eV) Q |e| µd (Debye)

PTX -8.72 0.16 8.88 -4.28 4.44 – 10.45
Diam -5.29 -2.10 3.19 -3.70 1.59 – 0
C1 -5.38 -2.18 3.20 -3.78 1.60 -0.09 10.66
C2 -5.78 -2.49 3.29 -4.14 1.64 -0.12 11.85
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nanoflake for organizing the electronic behavior of conju-
gated systems, and the behavior of PTX indeed. The values
of δ quantity was found as 3.20, 3.29, 3.19, and 8.88 eV
for C1, C2, Diam, and PTX models, respectively. As the
value of δ quantity increases, the value of η quantity also
increases, as could be found by a large value for PTX (4.44
eV) in comparison with a smaller values of Diam (1.59 eV),
C1 (1.60 eV), and C2 (1.64 eV). As the strength of C1 was
lower than that of C2, a lower hardness was also found
for C1 in comparison with C2. However, the value of µ

quantity for C2 was found more likely to that of the isolated
PTX showing the maintenance of electronic nature of PTX.
It is indeed a challenging area that the conjugation of drug
substances with other substances could lead to the change
of their own featured properties, here within the obtained
results, it could be learned that the changes are happening
but the final results are mostly likely to each other in C2
and PTX. Indeed, the main benefit of running a detailed
investigation is approaching more insights about the na-
ture of investigating systems and evaluating their required
information regarding the developmental issues.

3.3 Combinations of structural and electronic specifica-
tions

Careful analyses of structural and electronic specifications
of isolated PTX and Diam and their PTX@Diam conjugated
systems indicated a suitability of C2 for the formation of
conjugated system by assessing the evaluated featured prop-
erties. However, the formation of both conjugated systems
was accessible and reasonable regarding the magnitudes
of energy strengths and involving interactions. Besides,
the evaluated electronic features indicated a managing role
of Diam nanoflake surface for the formation of both of
C1 and C2 conjugated systems, but with a priority of C2
conjugation. The existence of non-covalent and physical
interactions leaded to the formation of both of C1 and C2
conjugated systems in a suitable level of strength. On the
other hand, more changes of FMO featured properties were
indicated by the electronic quality and quantity and the
values of µ quantity of C2 and the isolated PTX showed
maintenance of electronic features of drug substance in the
conjugated system, but under the Diam nanoflake organiz-
ing. Accordingly, the structural and electronic specifications
confirmed the beneficial PTX@Diam conjugated systems
by focusing the characteristic role of Diam nanoflake sur-
face for the formation of conjugated systems especially by
adsorbing the transferred charges of conjugated systems
from the PTX counterpart.

4. Conclusions
Structural and electronic analyses of diamond-assisted
(Diam) paclitaxel (PTX) anticancer conjugations
(PTX@Diam) were done in this work along with DFT
approach. Our results indicated the formations of two
conjugated systems; C1 and C2, by the involvement
of H· · ·C physical interactions between the PTX and
Diam substances. The Diam nanoflake surface showed a
remarkable role for organizing the conjugated systems, in
which the featured properties indicated an advantage for

formation of such conjugated systems for enhancing the
drug behavior under a controlling system. The isolated PTX
showed a very large value of chemical hardness quantity,
in which it was decreased in the conjugated systems.
Additionally, a remarkable role of Diam nanoflake was
found regarding the electronic properties as the distribution
patterns were all localized at the Diam surface in both of C1
and C2. As a highlighted achievement; the Diam nanoflake
surface was found useful for enhancing the behavior of
PTX drug under the organizing and controlling role of
Diam nanoflake for determining the next behavior of PTX
in the conjugated system. Indeed, the evaluated structural
and electronic featured properties revealed a controllable
situation of PTX drug among the PTX@Diam conjugated
system under the Diam nanoflake surface administration.
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