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Abstract

This study explores the modification of Single-Walled Carbon Nanotubes (SWCNTs) with
nitrogen and copper for its application in the sensing of liver cancer biomarkers; hexanal (HXN),
limonene (LMN), methanol (MTN), octenol (OTN) and pentanal (PTN). The study employed the
MO06-2X/D3/Def2svp level of theory for the optimization of the studied interactions, utilizing
density functional theory (DFT) calculations. Natural bond orbital (NBO) analysis gave insight to
the transfer of charges between the orbitals of the adsorbate and adsorbent, highlighting that
adsorption took place. Adsorption energies ranged from —0.81 eV to —2.72 eV, indicating
chemisorption across the studied complexes, with the more negative values suggesting stronger,
more stable adsorbate—adsorbent interactions. Non-covalent interaction (NCI) analysis showed a
mixture of interaction types within each complex: weak van der Waals forces were predominant
in most systems, while steric repulsion dominated in MTN-@CuNCNT. Regions of strong,
covalent-like interaction (denoted by blue in the NCI iso-surfaces) were also identified, indicating
localized strong bonding contributing to the overall adsorption strength. The findings in this study
suggest that modification of SWCNTs improved its performance, with promising results showing
the potential of the modified surfaces to be used as sensors for liver cancer biomarkers.
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Introduction

The disease known as cancer is a health disorder characterized by the uncontrolled and or abnormal
growth of cells in the human body [1]. Under normal conditions, the cells in the body grow, divide
and die in a regulated process, but when cancer develops either by genetic or molecular changes
disrupting those conditions, it causes the cells to keep multiplying when they should not [1,2].
These uncontrolled or abnormal cell growth may lead to the formation of a mass like tumor,
although certain cancers like leukemia do not normally produce solid tumors [3,4]. These
cancerous cells might then invade surrounding tissues and spread to other parts of the body through
the blood or the lymphatic system, a process called metastasis [5]. There are different types of
cancers which may include; cancer of the; breast, lung, prostate, stomach, liver and skin. Cancers
may also be classified into groups such as carcinomas, sarcomas, leukemias, lymphomas and
melanomas [6]. Cancer development is influenced by genetic, environmental and lifestyle factors,
which are broken down into; tobacco use, excessive alcohol intake, exposure to certain chemicals
or excess radiation, unhealthy diets, physical inactivity, increasing age or inherited genetic
mutations [7]. Cancer symptoms may vary depending on the type and location of the disease and
the warning signs may include; weight loss, unexplained pain, lumps or swellings, persistent
cough, and changes in bowel and or bladder habits [8]. However, many cancers may not show their
symptoms during their early stages, causing difficulty in detection. This set back has allowed
scientist to come up with methods under biosensing for the early detection of cancer and other
diseases that might also produce few to no symptoms in their early stages, as conventional

diagnostic techniques are expensive and not easy to access.

Nanomaterials have emerged as promising candidates for early detection of diseases, with physical
and chemical properties, large surface area, electrical and electronic properties, making them
suitable for the conversion of biological interactions into measurable electrical signals [9]. Other
properties of nanomaterials may include; good mechanical strength, thermal stability, catalytic
activity, tunable surface chemistry and optical properties. One of these nanomaterials is the Single-
Walled Carbon Nanotubes (SWCNTs) [10]. SWCNTs are cylindrical nanomaterials, which consist
of a single sheet of sp’>-hybridized carbon atoms rolled into a continuous tube with diameters
typically within the nanometer range [11]. The unique electronic and structural properties of
SWCNTs depend strongly on their chirality, which describes how the graphene sheet is rolled to
form the nanotube [12]. Based on their chirality, SWCNTs can exhibit either metallic or
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semiconducting behavior making them applicable in electronic and sensing applications [12,13].
SWCNTs possess remarkable properties which include; high electrical conductivity, large surface
to area volume, high mechanical strength, excellent thermal stability and strong chemical
sensitivity [14]. Their large surface area provides numerous sites for interaction with molecules,
while their electronic properties allow for changes occurring on the nanotube surface to be
translated into measurable electrical signals [13,14]. Despite these advantageous properties,
SWCNTs suffer from a key limitation: insufficient selectivity toward specific biomolecules. To
overcome this limitation, surface medication which mostly include doping and or functionalization
have proven to be an excellent approach to making nanomaterials like SWCNTs sufficiently

selective to specific biomolecules.

Aasiet al., (2022) explored the potential of pristine and Platinum decorated SWCNTs as biosensors
for liver biomarker, using octenol, decane and hexanal as the biomarkers. The study utilized
density functional theory (DFT), employing the GGA-PBE functional with PBE-D2 dispersion
correction. Their results illustrated that Platinum decoration significantly improved adsorption
strength and charge transfer compared to pristine SWCNTs, indicating enhanced selectivity [15].
Rahimi et al., (2025) explored a B3C>N3 monolayer as a biosensor for liver cancer biomarkers
using first principles DFT calculations. Their results indicated strong adsorption energies and
noticeable electronic property changes upon molecule interaction, suggesting high sensitivity and
selectivity [16]. Although not CNT based, the study on nitrogen functionalized carbon nano
ribbons embedded with transitional metals (Fe and Co) used spin-polarized DFT to study
adsorption of cancer related volatile organic compounds (VOCs) such as pentanal and
methylglyoxal, provided a comparable theoretical framework for biomarker detection. Results
showed that metal incorporation significantly enhanced adsorption strength and selectivity
compared to undoped systems [17]. The observed changes in electronic and magnetic properties
confirmed stability for sensing applications and also showing relevance as it showcased how
modification with transition metals improves biomarker detection. However, none of these studies
combined N- and Cu- co-doping on SWCNTs specifically for liver cancer VOC biomarkers.

This study presented a refined and targeted approach by utilizing copper and nitrogen atoms on
SWCNTs for the selective detection of specific liver biomarkers; hexanal (HXN), limonene
(LMN), methanol (MTN), octenol (OTN) and pentanal (PTN). The selection of the biomarkers

was informed by their detection in the VOC profile associated with liver cancer, their potential
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relationship with cancer related metabolic alterations and oxidative stress, and their potential
ability to discriminate liver cancer patients from healthy individuals. Through DFT methods, this
study offers deep insight into the biosensing abilities of the studied interactions. The improved
sensitivity and selectivity after modification with copper and nitrogen, are highlighted.

2.0 Methodology

2.1 Computational details

MO06-2X/D3/Def2svp level of theory was employed for the optimization of the studied compounds
in this study, owing to its suitability for non-covalent interactions and dispersion-corrected weak-
interaction systems [18]. Studied structures were sketched using GaussView 6.0.16 and visualized
using Chemcraft where their bond lengths were extracted and recorded [19,20]. Frontier molecular
orbital (FMO) analysis was carried out using Chemcraft, the energy gaps were calculated and the
HOMO-LUMO iso-surface plotted. Gaussian 09W [21], has an inbuilt natural bond orbital (NBO)
algorithm which was used to carry out NBO analysis to determine the stability of the donor-
acceptor interactions, usually from a bonding orbital (o, m) or lone pair (LP) to an antibonding
orbital (c*, ©*). Molecular electrostatic potential (MESP) was done using GaussView 6.0.16 to
identify if electrophilic and nucleophilic attack sites are present on the studied structures. Multiwfn
3.8 software was utilized for non-covalent interactions (NCI) analysis for the identification of
weak interactions and or strong covalent bonds [22]. All calculations were gas phase and carried

out using the Gaussian 09W calculation setup, with the equations utilized as follows;
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3.0 Structural Properties of Adsorbates

3.1 Bond Properties of the Studied Adsorbates

Geometry optimization was carried out on the adsorbates to enable structural stability and bond
lengths observed were reported in Table S1. The geometry optimization results obtained for the
studied adsorbates revealed slight variations in bond lengths when compared with standard bond
length values, indicating the influence of electronic interactions, resonance effects, hybridization,
and molecular environment on the structural arrangement of the molecules. The bond lengths
observed generally aligned with standard values, and this confirmed structural stability of the
optimized compounds. Looking at HXN, the Cs-Hi2 bond had a bond distance of 1.10 A, which is
slightly higher than the standard C-H bond length of approximately 1.09 A. This slight increase
could be attributed to weak electronic effects from neighboring atoms within the molecule [23].
The Cs-Cs bond with bond distance of 1.53 A was also close to the standard C-C single bond value
of about 1.54 A, the shortening suggested that the bond maintained normal single bond character.
The C1=0; bond length of 1.20 A was exactly the standard carbonyl bond length of approximately
1.20 A, indicating strong double bond character and effective electron sharing between the carbon
and oxygen atoms [23,24]. In LMN, the Cs-Hi2 bond length of 1.10 A corresponded with the
normal C-H bond value, while the C4-Cis bond length of 1.50 A was slightly shorter than the
standard C-C single bond length. This shortening may be caused by partial electron delocalization
within the molecular framework and conjugative interactions around the carbon atoms [24]. The
C19=C20 bond length of 1.34 A also corresponded with the standard C=C double bond value of
approximately 1.34 A, suggesting preserved double bond character in the optimized structure.
MTN C;-H4 bond had a length of 1.11 A, corresponding closely to the accepted standard value for
C-H bonds, while the C;-Os bond length of 1.40 A was slightly shorter than the standard C-O
single bond value of approximately 1.43 A. This reduction could be resonance between
interactions involving the oxygen atoms, that results in partial double bond character and stronger
orbital overlap between the bonds. The He-Os bond length of 1.00 A was close to the standard O-
H bond length of 0.96 A, this indicated the stability of the hydroxyl group within the molecule. In
OTN, the C7-Ho bond length of 1.10 A was close with the standard value, while the C»-Cs bond
length of 1.51 A remained within the normal range for carbon-carbon single bonds. The Cs-O24
bond length of 1.41 A was slightly shorter than the standard value, also suggesting resonance

stabilization involving the oxygen atom and electron donation from lone pair electrons. The H»s-



024 bond length of 0.96 A also indicated a stable hydroxyl bond. In addition, the C1=C, bond
length of 1.33 A was slightly shorter than the standard C=C bond value, which may be due to
increased electron density around the double bond region and greater n-electron interactions within
the molecular structure [25,26]. Looking at PTN, the C3-Hs bond length of 1.10 A corresponded
closely with the standard C-H bond value, while the C7-Cs bond length of 1.52 A showed normal
single bond characteristics. The C1=02 bond length of 1.204 A also agreed well with the standard
carbonyl bond length, confirming strong bond stability within the optimized structure. The slight
deviations observed in some of the bond lengths may therefore be attributed to intramolecular
charge transfer, steric effects, and redistribution of electron density within the studied adsorbates

[27].

3.1.1 Bond Properties of CNT and its Modified Surfaces

The modification of Carbon Nanotube (CNT) surfaces was done with the intent of tailoring its
abilities to serve as a potential bio-sensor for better biomarker detection [28]. CNT was doped with
copper (Cu) and nitrogen (N) individually and subsequently co-doped with both copper and
nitrogen to form CuN@CNT. After modification, the bonds observed were visualized and the bond
lengths recorded to compare the variations between CNT and its modified surfaces. Table S2
focused on the bond distances of bare CNT and its modified forms (Cu@CNT, N@CNT, and
CuN@CNT). The bare CNT exhibits typical sp? carbon character, with C-C bond distances around
1.45 A and C=C bonds remaining around 1.40 A. Upon nitrogen doping, N@CNT, the C-C bond
decreased slightly to approximately 1.44 A. After doping with copper (Cu@CNT), slight
elongation of the C=C bond was observed which is explained by the interaction between the metal
atom and the m-electron system of the CNT [29]. Copper introduced electron density into the
system, disrupting the delocalized m-network and reducing the double bond character, thereby
increasing bond distance [30]. Nitrogen doping (N@CNT) resulted in a slight shortening of the C-
C bond, and nitrogen being more electronegative than carbon, electron density was withdrawn
from adjacent atoms, resulting in a shorter and stronger C-C bond [31]. The co-doped system
(CuN@CNT) exhibited a more pronounced structural distortion because of the combined
electronic effects of both dopants (Cu and N). The presence of a relatively long C-Cu bond (~2.04
A) compared to the standard length of 2.00 A suggests a weak coordination interaction rather than

a strong covalent bond [32].



3.1.2 Bond Properties of Modified Surfaces Post Adsorption

Bond lengths of the surfaces post-adsorption were compared to those of CuN@CNT to assess
significant changes in bond lengths after adsorption. Table S3 presents the bond lengths of the
CuN@CNT surface before and after interaction with the adsorbates. Prior to adsorption, the
surface maintains relatively stable bond lengths consistent with a modified CNT structure.
However, upon adsorption, noticeable changes occurred. The C-C and C=C bonds of the CNT
framework exhibited slight elongation due to the nature of the interacting molecule. In CaN@CNT,
C-C and C=C bond lengths were 1.45 A and 1.36 A respectively while C-C and C=C bond lengths
post adsorption ranged from 1.45 A to 1.46 A and 1.36 A to 1.37 A respectively. These changes
suggest electron redistribution within the system as charge may have been transferred between the
adsorbate and the surfaces [33]. More important changes were observed in bonds involving the
copper active site. Variations in the C-Cu bond length, such as a decrease from 2.04 A to 2.03 A
in HXN or even more significant changes in LMN, suggest strengthening of the interaction due to
adsorption. A shorter bond length generally indicates stronger binding, implying chemisorption,
while smaller changes may point to weaker physisorption [34]. For the systems post-adsorption
that C-N bonds were present in, compared to CuN@CNT there was a decrease in their lengths
which was a result of increased electron density and stronger bonding due to electron withdrawal
from neighboring atoms [35]. The values of C-N bonds across the interactions post-adsorption
ranged from 1.40 A to 1.52 A, compared to CuN@CNT which had C-N bond length of 1.52 A.
Also, the formation of new bonds such as H-Cu, O-Cu, and C-Cu provides strong evidence of
adsorption [36]. These interactions occur through lone pair donation (from oxygen or nitrogen
atoms), m-electron interactions, or weak hydrogen coordination. In some cases, significant
elongation of internal bonds within the adsorbate were observed, such as the increase in C=C bond
length in the PTN system. The increase was as a result of a reduction in double bond character
due to the interaction with the surface, often resulting from electron transfer into antibonding
orbitals [37]. The absence of certain bonds (indicated by dashes) suggests structural rearrangement

during adsorption [38].



3.2 Reactivity Studies

3.2.1 HOMO-LUMO Studies

The electronic properties of CNT, its modified surfaces and CNT interactions were evaluated by
examining their frontier molecular orbitals in order to predict its chemical reactivity, stability and
interaction with other molecules [39]. HOMO-LUMO iso-surfaces were detected and visualized
for CNT surfaces and interactions, represented in Figure 1 and Figure 2. The energy gap (Ez) was
calculated for CNT, its modified surfaces and surfaces post-adsorption. The values for the energy
gap of these systems are presented in Table 1, which ranged from 2.44 eV to 3.08 eV where
N@CNT had the lowest energy gap and MTN-CuN@CNT had the highest. CUN@CNT had an
energy gap of 3.05 eV and being compared to the systems post-adsorption, there were slight
changes but it still remained in normal range except for OTN-CuN@CNT. There was a significant
decrease in the energy gap in OTN-CuN@CNT, this could be due to electron transfer between the
dopants and the CNT which alters the distribution and energy of the frontier molecular orbitals

[40].

Quantum chemical methods were also carried out on the surfaces using EQNs 2 — 5. This study
encompassed descriptors such as chemical potential (-it), global hardness (1), global softness (o),
and electrophilicity (®) which were used [41]. Global hardness of a system equals the stability of
that system while global softness equals the reactivity. A compound or complex with great stability
and low reactivity is said to be chemically hard while a compound or complex with low stability
and great reactivity is said to be chemically soft [42]. Chemical potential is the measure of the
tendency of a molecule to react or change phase, in other words the tendency for a system to use
electrons or be involved in a chemical reaction [43]. Electrophilicity is the willingness of
molecules or compounds to accept electrons. Global hardness and softness were also calculated to
support the energy gap value of the systems, confirming the properties of the system. The global
hardness across all systems ranged from 1.22 eV to 1.54 eV, while the global softness ranged from
0.32 eV'! to 0.41 eV! giving insight to the stability and reactivity abilities of these systems,
respectively. As observed in Table 1, the systems showcase more stability than reactivity. From the
analysis it was observed that the systems post adsorption maintained a relatively low energy gaps
when compared to CuN@CNT, with global hardness and global softness giving insight to the

stability and reactivity of the systems. Values for these parameters were also relatively low



compared to the co-doped CuN@CNT. The lower energy gap is indicative of increased

conductivity change upon adsorption, which is desirable for signal transduction in a sensor.

Table 1: Global Quantum chemical descriptors of CNT, its modified surfaces and interactions

Surfaces

Erumo | Enomo | Eg -u(eV) [n(V) oV | o(eV)

(eV) (eV) (eV)
CNT -2.483 | -5.538 |3.05 -4.01 1.52 0.33 5.26
Cu@CNT -2.899 | -5.674 | 2.77 -4.28 1.38 0.36 6.62
N@CNT -2.161 | -4.603 |2.44 -3.38 1.22 0.41 4.68
CuN@CNT | -2.272 |-5.328 |3.05 -3.80 1.53 0.33 4.72

Interactions

Erumo | Enomo | Eg -u (V) [n(eV) (V) |o((eV)

(eV) (eV) (eV)
HXN- -2.271 | -5.328 | 3.06 -3.80 1.53 0.33 4.72
CuN@CNT
LMN- -2.129 | -5.185 |3.05 -3.65 1.53 0.33 4.37
CuN@CNT
MTN- -2.224 | -5.302 |3.08 -3.76 1.54 0.32 4.60
CuN@CNT
OTN- -2.186 | -5.155 |2.97 -3.67 1.48 0.33 4.65
CuN@CNT
PTN- -2.165 | -5.224 | 3.06 -3.69 1.53 0.32 4.46
CuN@CNT




Figure 1: CNT and modified surfaces visualized, HOMO-LUMO iso-surface plots of CNT and its

modified surfaces
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Figure 2: Surface post adsorption, HOMO-LUMO iso-surface plots of the CNT

interactions
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3.2.2 Natural Bond Orbital (NBO) Analysis

The electronic interactions formed between the studied liver cancer biomarkers and the surface of
CuN@CNT were explained by performing the NBO analysis using the M06-2X/D3/Def2svp level
of theory and the results presented in Table 2. The second order perturbation energy, E (%), refers
to the stabilization due to donor-acceptor electron delocalization, F(i,j) represents the strength of
the orbital coupling [44]. The interactions observed give insights into electron donation from C-
centered lone-pair and bonding orbitals into anti-bonding orbitals, illustrating the electronic
redistribution at the biomarker-surface interface [44,45]. For HXN-CuN@CNT, the electron
donation from the Cu-centered lone-pair () orbitals to the sigma antibonding ones gave E (*)
values between 0.25-0.36 kcal/mol. The values are indicative of weak non-covalent type
interactions between LP (3) Cuiig and the sigma antibonding orbital of Css-Cso, with E (?) = 0.36
kcal/mol and F(i,j) = 0.017 a.u. This suggests that the Cu active site is directly involved in the
electronic interaction with HXN [46]. The orbital delocalization of LMN-CuN@CNT was found
to be stronger with E (%) values of 0.58-0.73 kcal/mol. The most important contribution was the
donation by C7s- C76 pi orbital to the C123-Ci24 pi antibonding orbital with E (¥ = 0.73 kcal/mol.
Furthermore, the F(i,j) value for the interaction between the sigma bonding orbital of C7-Cuiig
and the sigma antibonding orbital of Ci22-Hiz4 was found to be equal to 0.027 a.u. The results
suggest that there exist a pi-electron delocalization and a coupling of the Cu-associated orbital
between LMN and CuN@CNT is present [47]. On the other hand, the orbital interaction was found
to be comparatively weaker in the case of OTN-CuN@CNT, which exhibited E (?) of 0.25-0.45
kcal/mol. The highest one was to the pi anti-bonding orbital of Cse—Cs7, which was donated from
LP (1) Cuiio with E (%) = 0.45 kcal/mol and F(i,j) = 0.015 a.u. The lower E (%) values compared to
LMN, suggest less pronounced donor-acceptor delocalization and weaker orbital coupling between
the OTN and CuN@CNT surface [46]. The strongest individual NBO interaction was observed for
MTN-CuN@CNT with E (?) of 1.72 kcal/mol and F(i,j) of 0.039 a.u. This is the maximum
stabilization and orbital coupling in the system studied, and thus, it is a particularly strong
electronic interaction between MTN and the CUN@CNT surface. For PTN-CuN@CNT, the Cu-
mediated delocalization was also found to be quite significant with a donation of LP (4) Cui19 into
the pi antibonding orbital of Cs7-Css equal to 1.11 kcal/mol [48]. The results show that the

interactions between the biomarker and the surface are described by different orbital pathways,
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with the Cu-centered lone-pair donation pathway being more relevant in the case of HXN, OTN

and PTN, and pi-electron delocalization pathway more relevant in the case of LMN and MTN.

Table 2: NBO analysis highlighting charge transfer between bonding and antibonding orbitals (o,

7) of the adsorbent and adsorbate

Systems Donor(i) Acceptor (j) E® EG)-E() F(i,j)
kcal/mol
a.u a.u
HXN- LP(1)Curts | 0*Crs - Crg 0.25 0.96 0.014
CuN@CNT | LP(2)Cuiis | 6*Css— Cso 0.30 1.03 0.016
LP(3)Cuii9 6*Csg — Cs9 0.36 1.02 0.017
LMN- 6Cs7 -Csg 6*Ci21 — Hass 0.58 1.23 0.026
CuN@CNT nC7s5 — Cre 1*Ci23 - Ci24 0.73 0.42 0.017
6Cr6 -Cuig 6*Ci22 — Hiza 0.70 1.21 0.027
MTN- C39 — Cao 6*Cr21 —Hiz 1.72 0.87 0.039
CuN@CNT 6Cs6 -Cs7 6*Ci21 — O12s 0.62 1.17 0.024
LP(1)Cuno | o*Cizi—Hiza | 0.62 1.18 0.024
OTN- LP(1)Cuiro | 7*Css— Cs7 0.45 0.46 0.015
CuN@CNT | LP(2)Cuiie | *Cse— Cs7 0.28 0.43 0.012
LP(2)Cuie | 0*Crs — Cro 0.25 1.09 0.015
PTN- LP(2)Cure | 0*Css— Crs 0.79 1.02 0.025
CuN@CNT LP(2)Cui9 0*Cr6 — C77 0.43 0.99 0.018
LP(4)Cuii9 *Cs7 — Csg 1.11 0.38 0.021
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3.2.3 Molecular Electrostatic Potential (MESP) Analysis

MESP was carried out post adsorption to identify the electrophilic and the nucleophilic regions
post adsorption using GaussView 6.0.16 and Gaussian 09W. The electron poor (electrophilic)
regions are susceptible to nucleophilic attack, while the electron rich (nucleophilic) regions are
susceptible to electrophilic attack [49]. These regions are represented by specific colors which
have specific meanings to explain what goes on in the areas where they appear, and the colors that
appear are usually blue, green and red. Blue representing the electrophilic region, is an electron
poor region and also where nucleophiles attack. Green is an area of zero electrostatic potential, in
other words the neutral region. Red is the represents the electron rich region which is the
nucleophilic region where electrophiles attack [50]. As shown in Figure 3 we can observe green
and blue across all interactions where the green appears consistently in the middle of the CNT
cage, indicating the area of zero electrostatic potential [S1]. Blue indicating the electron poor
region appears in-between the Cuiig, atom of the CNT cage and the hydrogen atoms in HXN of
HXN-CuN@CNT. In LMN-CuN@CNT, blue surrounds the Cui19, Hi29 and Hi33 atoms. In OTN-
CuN@CNT and PTN-CuN@CNT, blue appears in the center in-between the Cui19 atom from the
CNT cage and the carbon and hydrogen molecules of the adsorbate, but partially covers the O144,
Hi29 and Hiss atoms of OXN-CuN@CNT and the Cuiy9 atom of PTN-CuN@CNT. Whereas in
MTN-CuN@CNT, blue surrounds the Cui9 atom solely. These regions are electron poor and in
need of electrons. Red which represents electron rich sites is not found, this could be due to the
presence of copper which withdraws electron density from nearby atoms (oxygen or nitrogen) and
acts as an electron acceptor [52]. The predominance of blue post-adsorption is an indication of the
region where adsorption occurred. The electrostatic potential ranges for the compounds post
adsorption were -1.848 to 1.848, -1.210 to 1.210, -1.822 to 1.822, -1.004 to 1.004 and -2.348 to
2.348 for HXN-CuN@CNT, LMN-CuN@CNT, MTN-CuN@CNT, OTN-CuN@CNT and PTN-
CuN@CNT respectively, indicating zero electrostatic potential.
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MTN-CuN@CNT

OTN-CuN@CNT

PTN-CuN@CNT

Figure 3: MESP plots of the surfaces post-adsorption
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3.3 Non-Covalent Interaction (NCI) Analysis

NCI analysis was carried out post-adsorption to understand the relationship between the adsorbate
and adsorbent. As represented in Figure 4, red, green and blue regions are observed. The red
indicates strong repulsion/clash, blue indicates stronger attractive interactions often associated
with hydrogen bonding and green is an indication of weak van der Waals [53]. In Figure 4, we see
these colors present across all interactions., but some colors in more proportion than others. The
presence of these 3 colors suggested that the adsorption was not governed by a single interaction
type [54]. Weak van der Waals are predominant in HXN-CuN@CNT, LMN-CuN@CNT, OTN-
CuN@CNT and PTN-CuN@CNT, while in MTN-CuN@CNT red is more predominant than the
other colors. The van der Waals forces present contribute to the stability of the interactions, and
with the presence of blue in-between the adsorbate and the adsorbent which indicates stronger
attractive interactions. The NCI results are consistent with significant non-covalent stabilization

supplementing weaker orbital level interactions [55,56].
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PTN-@CuNCNT

Figure 4: NCI analysis of the studied analysis using RDG gradient
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3.4 Adsorption studies

As observed in Table 3, all systems post adsorption showcased negative adsorption energy values,
confirming a thermodynamically favorable and exothermic interaction. Negative adsorption
energy indicates favorable adsorption while positive adsorption energy indicates unfavorable
adsorption, which implies the more negative the value the stronger the interaction and stability
[57]. HXN-CuN@CNT, LMN-CuN@CNT, MTN-CuN@CNT, OTN-CuN@CNT, and PTN-
CuN@CNT had adsorption energies of -1.10 eV, -2.85 eV, -2.50 eV, -0.85 eV and -2.78 eV
respectively with LMN-CuN@CNT being the most negative, having a value of -2.85 eV.
Adsorption energy less than -1.0 eV suggests chemisorption, which implies strong chemical
interaction and stability while adsorption energy greater than -1.0 eV suggests physisorption,
which implies weak interaction and stability [S8]. Liu et al.,, (2011) examined nitrogen doped
SWCNTs on substrates, and results showed that nitrogen significantly changed the properties of
the SWCNTs [59]. The study showed that nitrogen doped SWCNTs compared to pristine SWCNTs
showcased enhanced sensitivity and selectivity for electrochemical detection of some electrophilic
species including water and oxygen. Verma et al., (2024) investigated the ability of transition metal
and hetero atoms co-doped SWCNTs for hydrogen adsorption, where Au/Ag/Cu/B/N doped/co-
doped SWCNTs systems were assessed. The study revealed that the modified systems possessed
good hydrogen sensing abilities with Ag-NCNT having better hydrogen storage [60]. These
findings are consistent with the fact that doped SWCNTs with nitrogen and copper have better
sensing potentials over pristine SWCNTs. Li et al., (2022) in their study on facile synthesis of
copper and carbon co-doped peanut shell-like Mo2C/MosP electrocatalysts for ultra-sensitive
ampere-metric detection of hydrogen peroxide reported that the good electrochemical sensing
performance was mainly due to the synergism of the studied materials together with copper and
carbon dual-doping [61]. This highlights the function of copper in enhancing the sensing abilities

of peanut shell-like electrocatalyst in the detection of hydrogen peroxide.

These studies validate the usefulness of the modification of SWCNTs with nitrogen and or copper
alongside single and dual doping involving copper, enhancing sensing performances of studied

materials, therefore, increasing the potential for the studied compounds to be used as sensors.
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Table 3: Adsorption energies of the studied CNT adsorbed surfaces

Interactions | Ecomplex (a.u) | Esurface (a.u) | Emolecute (a.u) | Eads (a.u) Eads (eV)
HXN-

CuN@CNT | -5748.16 -5437.43 -310.68 -0.04 -1.10
LMN-

CuN@CNT | -5827.72 -5437.43 -390.19 -0.10 -2.85
MTN-

CuN@CNT | -5553.09 -5437.43 -115.57 -0.09 -2.50
OTN-

CuN@CNT | -5826.66 -5437.43 -389.20 -0.03 -0.85
PTN-

CuN@CNT | -5708.97 -5437.43 -271.44 -0.10 -2.78

3.5 Solvation analysis

Solvation study was carried out on the studied interactions using the conductor-like polarizable
continuum model (CPCM) to determine their stability in a solution and thermodynamic
favorability which in turn provides insight to their biosensing abilities outside gas phase [62].
From the values presented in Table 4, all of the interactions show negative solvation energies,
which means that their movement from gas phase into solution was favorable based on Gibbs Free
Energy [63]. From Table 4 HXN-CuN@CNT, LMN-CuN@CNT, MTN-CuN@CNT, OTN-
CuN@CNT, and PTN-CuN@CNT had solvation energies of -0.75 eV, -0.65 ¢V, -0.78 eV, -0.69
eV and -0.66 eV respectively. The results from the solvation energies were negative, indicating
thermodynamic stability of the doped systems in solution, supporting their potential compatibility
with biological (aqueous) environment [62,64]. When comparing them, MTN-CuN@CNT was the
most negative, with a value of -0.78 eV, followed by HXN-CuN@CNT. These negative values are
an indication of their stability in solvents, therefore, their potential ability to move in biological

targets.

19



Table 4: Solvation energies of the studied CNT adsorbed surfaces

Interactions Ewater (a.u) Egas (a.u) Esot (a.u) | Eso1(eV)
HXN-

CuN@CNT -5748.19 -5748.16 -0.027 -0.75
LMN-

CuN@CNT -5827.75 -5827.72 -0.023 -0.65
MTN-

CuN@CNT -5553.09 -5553.06 -0.028 -0.78
OTN-

CuN@CNT -5826.69 -5826.66 -0.025 -0.69
PTN-

CuN@CNT -5708.99 -5708.97 -0.024 -0.66

4.0 Conclusion

This study investigated the structural, electronic, and adsorption properties of Cu- and N-co-doped
carbon nanotubes (CuN@CNT) as a candidate biosensing material for liver cancer biomarkers,
using DFT methods. Geometry optimization showed that bond distances across the studied
complexes remained within standard ranges, indicating structurally stable adducts. Adsorption
energy calculations yielded negative values for all five biomarker systems, confirming
thermodynamically favorable, exothermic adsorption onto the CUN@CNT surface, with MTN,
LMN, and PTN showing the most favorable binding. NBO analysis further identified Cu-centered
lone-pair donation and n-electron delocalization as the dominant orbital interaction pathways, with
MTN exhibiting the strongest individual donor-acceptor stabilization (E(2) = 1.72 kcal/mol)
among the biomarkers studied, followed by PTN, LMN, OTN, and HXN. MESP mapping
indicated electron-poor regions concentrated near the Cu active site and adjacent carbon atoms
post-adsorption, while NCI analysis revealed a combination of van der Waals, steric, and weak
attractive interactions across all systems, indicating that adsorption is governed by multiple non-
covalent interaction types rather than a single dominant mechanism. Solvation studies showed

negative solvation free energies for all complexes, supporting their thermodynamic stability in an
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aqueous environment relevant to physiological conditions. Taken together, these results suggest
that C_AN@CNT forms stable, energetically favorable, and electronically active interactions with
the studied liver cancer biomarkers, supporting its potential as a biosensing platform. Further
experimental validation, along with kinetic and selectivity studies, is recommended to confirm the

practical biosensing performance of CUN@CNT suggested by these computational findings
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