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Density functional theory (DFT) calculations were performed to
investigate a nanocarbon-assisted biosensor for diagnosis of
exhaled biomarkers of lung cancer. To this aim, an oxidized
model of Czo fullerene (OC) was chosen as the surface for
adsorbing each of five remarkable volatile organic compounds
(VOC) biomarkers including hydrogen cyanide, methanol,
methyl cyanide, isoprene, and 1-propanol designated by B1-B5.
Geometries of the models were first optimized to achieve the

Medical Sciences, Isfahan, Iran minimum energy structures to be involved in further
optimization of B@OC bi-molecular complexes. The relaxation of
B counterparts at the surface of OC provided insightful
information for capability of the investigated system for possible
diagnosis of such biomarkers. In this case, B1 was placed at the
highest rank of adsorption to make the strongest B1@OC
complex among others whereas the weakest complex was seen
for B4@OC complex. The achievement was very much important
for differential detection of each of VOC biomarkers by the
investigated OC nanocarbon. Moreover, the recorded infrared
spectra indicated that the complexes could be very well
recognized in complex forms and also among other complexes.
As a final remark, such proposed nanocarbon-assisted biosensor
could work for diagnosis of remarkable VOC biomarkers of lung
cancer.
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Introduction is at the highest importance not to allow the
cancer for more development and to employ
proper medical care for the cancerous patient
[7, 8]. Previous works indicated that some of
volatile organic compounds (VOC) could work
as exhaled biomarkers of cancer in addition to
those expressed or
biomolecules into blood or any other tissue
[9]. Invasive methods are sometimes used in

the case of detection of those expressed

Cancer is almost the most serious problem of
human health systems, which has claimed
continued numerous victims without any
certain treatment [1,2]. At times prevention
and some other times early detection have
been techniques
regarding health protocols against the
mysterious cancer [3,4]. Life styles are very
much important for the case of prevention and
developing accurate biosensors are highly
important for early detection of cancer [5,6].
Different types of cancers have both common

overexpressed
seen the most useful

biomolecules, which are somehow painful for
the patients in addition to other harmful
effects [10]. Moreover, due to complexity of
blood and any tissue with so many types of

and different biomarkers based on the e biological interferers or low
physiological actions in body; their detection
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concentration of desired biomarker, the
detection methods are not always successful
especially for the case of early detection [11].
Therefore, exhaled VOC
biomarkers could help for early detection
purpose of cancer in a non-invasive mode [12].
Lung cancer is one of the most frequent
types of cancer with variable dangerous
effects on the health of patients [13, 14].
Misunderstanding in early stages symptoms
and lack of efficient devices for such early
detection leads to diagnose of lung cancer in
upper stages with serious physiological
symptoms [15]. In this
treatments fail to help the cancerous patient to
survive and the rate of death is considerable
for such patients [16]. Therefore, using novel
materials and technologies are crucial for the
purpose of efficient detection of lung cancer
biomarkers. VOC are exhaled
biomarkers of lung cancer, which could be
detected by materials with adsorption
properties as discussed by earlier works [17].
Nanostructures are among those materials
with potency of adsorption of gases and such
VOC counterparts [18].
nanostructures could work as an adsorbent to
adsorb specifically other substances in both
and physical [19-23].
Therefore, it is important to examine such
capability for the purpose of VOC biomarkers
detection [24]. Earlier works reported the
advantage of nanostructures for adsorption of
several biological and organic molecules in
different fields of drug design and
development in addition to biosensors [25,
26]. The idea could be very well developed in
the computer-based in silico work avoiding
[27]. In this
molecular scale systems could be very well
examined

detection of

case, medical

those

The surface of

chemical modes

external interferers case,

according to physicochemical

aspects and mathematical algorithm search to
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provide insightful information for the matters
at the lowest possible scale [28-31].

Within this work, a representative Czo
nanocarbon fullerene was investigated for
adsorption of already reported five typical
VOC of exhaled lung cancer biomarkers
(Figures 1-3). To activate the surface, the
original Cy was functionalized by an epoxy
group to make OCyo (OC) nanostructure for the
adsorption purpose (Figure 1). It is important
to note that the nanostructures could be
modified by functional groups for showing
more specific properties, in which the
oxidation process is very much common for
the purpose. hydrophobic
interactions are always available among the
nanocarbon materials,
aggregated preventing them to work very well
in different media. Therefore, such oxidization
could help them to stand somehow far from
each other as more single-standing particles.
Several efforts have been already done to
make such doped or functionalized
nanostructures for different purposes [32]. In
this work, such oxidization was done for the
investigated Czo nanocarbon to interact better
with the external VOC biomarkers. Five
remarkable VOC were already reported
including hydrogen cyanide, methanol, methyl
cyanide, isoprene, and 1-propanol to
significantly work as exhaled biomarkers of
lung cancer indicated by B1-B5 in Figure 2
[33]. The adsorption process was investigated
for each of the VOC counterparts at the surface
of OC. Accordingly, the idea of developing
nanocarbon-assisted biosensor for diagnosis
of exhaled biomarkers of lung cancer made
sense (Figure 3). The idea was examined
employing the advantageous computer-based
quantum chemical calculations to achieve the
purpose of this work.

Since the

they are usually
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FIGURE 1 Different side-views and ESP of singular OC
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FIGURE 2 Molecular representation and ESP for five remarkable VOC biomarkers; B1-B5

Computational details

The representative model of nanocarbon was
prepared by addition of epoxy group to Czo
fullerene nanostructure (OC) (Figure 1) and
allowing the structural geometries to relax
during the optimization process to reach the
minim energy structure. Next, five remarkable
VOC exhaled biomarkers of lung cancer
including hydrogen cyanide (B1, CHN),
methanol (B2, CH40), methyl cyanide (B3,
C2H3N), isoprene (B4, CsHs), and 1-propanol
(B5, C3HsO) were prepared (Figure 2) and
their geometries were optimized either to
achieve the minimum energy structures. By
obtaining all optimized singular strictures,
their interacting modes were examined by
locating each of the biomarkers at the surface
of OC to see the best localization of such
substance at the nanocarbon surface. All such
bi-molecular structures were optimized to
obtain the interacting B@OC complex systems
(Figure 3) for further discussion of the
investigated problem. Global minimum of all

singular and bi-molecular structures was
confirmed by  performing frequency
calculations for the optimized structures to
avoid the existence of any imaginary
frequency in addition to evaluating vibrational
infrared spectra (Figure 4). Moreover,
molecular orbital properties of the highest
occupied and the lowest unoccupied levels
(HOMO and LUMO), dipole moment (DM), and
electrostatic potential (ESP) surfaces were
evaluated for all the optimized singular and bi-
molecular structures (Figures 1-3). All the
computer-based quantum
calculation of this work was performed at the
B3LYP exchange-correlation functional and
the 6-31G* standard basis set of density
theory (DFT) approach as
implemented in the Gaussian program [34].
Indeed, it is important to use standard

chemical

functional

methods for computations to avoid
uncertainty for the computed results. All the
obtained calculated results of this were

summered in Table 1 and Figures 1-4.
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FIGURE 3 Molecular representation and ESP of bi-molecular interacting complexes of B@OC

Results and discussion

Within this work, a nanocarbon-assisted
biosensor for diagnosis of exhaled biomarkers
of lung cancer was investigated based on DFT
calculations. Representative OC nanocarbon
(Figure 1) and five typical VOC exhaled

biomarkers, B1-B5, (Figure 2) were

investigated to achieve the purpose of
diagnosis by bi-molecular formation of B@0OC
interacting complexes (Figure 3). To this aim,
singular and bi-molecular structures were all
optimized to obtain the minimum geometries
in addition to other numerical and graphical
molecular properties.

TABLE 1 Obtained molecular properties for the optimized models*

Model HOMO eV LUMO eV
ocC -5.380 -3.260
B1 -9.773 0.556
B2 -7.198 2.048
B3 -8.882 0.995
B4 -6.184 -0.414
B5 -7.114 2.114

B1@0C -5.718 -3.626

B2@0C -5.466 -3.356

B3@0C -5.303 -3.182

B4@0C -5.227 -3.126

B5@0C -5.445 -3.335

DM Debye ID A BE eV
0.407 N/A N/A
2.905 N/A N/A
1.694 N/A N/A
3.814 N/A N/A
0.385 N/A N/A
1.489 N/A N/A
4981 2.053 -0.294
1.555 1.986 -0.284
2.919 2.432 -0.219
0.767 2.628 -0.174
1.332 2.006 -0.275

*See Figures 1-3 for the models. HOMO: the highest occupied molecular orbital, LUMO: the lowest unoccupied
molecular orbital, DM: dipole moment, ID: interacting distance, BE: binding energy of B and OC of B@0OC complex

system.

Optimized structures and molecular properties

All geometries of singular models of OC
(Figure 1) and B1-B5 (Figure 2) were first

optimized to achieve the minimum energy
structures, all of which were confirmed by
vibrational calculations to avoid the existence
of imaginary frequencies. Next, bi-molecular
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models of each of B1-B5 and OC were
optimized to achieve the interacting B@OC
complex systems (Figure 3). Both B and OC
counterparts were allowed to relax during bi-
molecular optimization processes, in which
the results indicated the best localization of
interacting molecules versus each other. It is
worth to note that advantage of using Czo
structure is experimentally availability, which
helps to perform computations for the real
systems [35]. Comparing interaction distances
(ID) values of Table 1 could indicate different
distances for such systems in addition to the
unique configuration of each of B molecules at
the surface of OC (Figure 3). In the case of
working with small molecules, the problem of
their localization at the surface is more serious
because of their geometrical flexibility.
However, the best localization of each of B1-
B5 at the surface of OC was finally obtained by
full optimization and the optimized bi-
molecular complex systems were exhibited in
Figure 3. The results indicated that all of these
VOC biomarkers could be adsorbed with the
OC surface but with different strengths
designated by binding energy (BE). From
Table 1, the strongest interacting bi-molecular
models was seen for B1@OC and the weakest
one was seen for B4@OC. As an important
point, it could be mentioned that all the typical
biomarkers were adsorbed at the OC surface
but with more or less strength for each B
counterpart. Additionally, the values of ID are
in the range of physical interactions for all of
B@OC complex systems.
Comparing these results with other relative
works in the literature [36], could approve the
capability of such supposed OC nanocarbon
for diagnosis of VOC biomarkers. In addition to
optimized geometries, further calculations
were performed to evaluate molecular orbital
properties. Each of HOMO and LUMO energy
levels could indicate the tendency of a
molecule for contributing to electron transfer
systems,
detected for the singular models referring

bi-molecular

in which different levels were

their different activities in the interacting
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situations. Comparing the values of HOMO for
B1 (-9.773 eV) and OC (-5.380 eV) could
indicate the highest favorability of B1@OC
formation in all other B@OC models, in which
their differences
mentioned case. Indeed, this is an in-direct

were lower than the
interpretation and the direct interpretation
should focus on the value of LUMO for OC (-
3.260 eV). Additionally, the values of HOMO
for B4 (-6.184 eV) and OC could indicate the
lowest favorability of B4@OC complex
formation. The obtained results of HOMO
levels were in good agreement with those of
BE values, in which the strongest and weakest
complexes were detected to be B1@0OC and
B4@O0C. The trends of molecular descriptors
for defining functions of matters are obvious
in such case of comparison and agreement of
an original molecular feature (HOMO) and a
corresponding function (BE). As a results,
electron transfer between B1 and OC would be
very much facile for the purpose of
interactions, in which such electron would be
transferred from HOMO of B1 to LUMO of OC.
By formation of B@OC complex systems, the
values of HOMO and LUMO were modulated
regarding the interacting molecules, in which
typical values were seen for B1@OC (HOMO =
-5.718 eV and LUMO = -3.626 eV) as the
distinguished complex of this work. Further
analyses of molecular properties were done by
obtaining the values of dipole moment (DM)
showing the charge distributions of molecules.
One important point is about zero-value of DM
for original Cz, in which the value was
increased in the OC model up to 0.407 Debye.
The importance of this point is because of
aggregation behaviors of nanocarbon
materials, in which they could be somehow
neglected by oxidization process. Typical
values of DM were seen for the distinguished
B1@0C and B4@OC models among other
B@0OC complex
representations of electrostatic potential
(ESP) surfaces could also provide the complex
formations for all of B@OC bi-molecular
complex systems. As concluding remarks of

models. Graphical
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VOC biomarkers with different strength to
show the advantage of differential detection
for such systems.

1,000 1,500

s ||

2,000

2.500 3,000 3,500 4,000

Il

| BS@

.

| B4

| B4@OC

B3

B3@OC

%

1 B1

1 BI@OC

1 oc

I8,

0 soo “1.000 1,500

2,000
Frequency (cm™)

2,500 3,000 3,500 4,000

FIGURE 4 Infrared spectra of the optimized models

Infrared spectra for the optimized models

The results of previous section indicated the
formation possibility for B@OC bi-molecular
interacting complexes. However, providing
elements for detection of such complexes is
another important task. Infrared spectroscopy
is an important facility for recognition of
structures especially based on the functional
groups. In this work, such spectra for all
models (Figure 4) were evaluated to make
sense of the adsorption process of each of VOC
biomarkers at the surface of OC model
Comparing the spectra for isolated and bi-
molecular models could approve the
formation of B@OC complexes. Moreover, the

strength of such complex formation could be
accounted for by the magnitude of deviation of
spectra of bimolecular system in comparison
with each of singular B and OC models. Hence,
detection of complex formations could be
employed according to such infrared spectra
recording.

Conclusion

In this study, the idea of nanocarbon-assisted
biosensor for diagnosis of exhaled biomarkers
of lung cancer was investigated by DFT
The  representative  OC
nanocarbon was put as the surface for
adsorption of five typical VOC biomarkers of
lung cancer. The results indicated that the

calculations.



Nanocarbon-assisted biosensor for diagnosis of...

formation of B@OC bi-molecular complexes
was possible with differential detection option
as could be seen by different strength of
complexes. Further results of energies and
orbital levels indicated the
of B1@OC at the highest
favorability among all of five complex systems.
Additionally, recorded spectra
that the proposed differential
detection could be done for the complex
models besides the characteristic features of
each of singular and related systems. As the
final remark, the investigated OC nanocarbon

molecular
formation

infrared
showed

could work for possible diagnosis of exhaled
biomarkers of lung cancer.
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