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ABSTRACT   

             Cancer is a complex disease caused by genetic changes, and its early detection is essential for effective treatment 

and reduced mortality. Biomarkers play a key role in cancer diagnosis and prognosis. In this study, a pristine carbon nanotube 

(CNT) is proposed as a sensor for detecting cancer-related biomarkers such as methyl mercaptan, benzene, and aniline. The 

sensing performance is investigated using Density Functional Theory (DFT) with the Quantum ATK method by analyzing 

band gap, density of states, adsorption energy, charge transfer, recovery time, conductance, and sensitivity. The negative 

adsorption energy values confirm stable physical adsorption, indicating low operating temperature and good reusability. The 

results demonstrate that pristine CNT shows good stability and sensitivity toward the target molecules, highlighting its 

potential for early cancer biomarker detection. 
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1. INTRODUCTION 

Cancer is a common cause of mortality 

worldwide (Doll et al. 2004; Yang et al. 2004; You et al. 

2015; World Health Organization 2005). Early detection 

and treatment of the disease improve the chances of 

cancer cure (Wulfkuhle et al. 2003; Talmadge and Fidler 

2010; Oppenheimer 2006). Methods for anticipating 

cancer therapies have advanced (Neskey et al. 2015; 

Milosevic et al. 2018; Kourou et al. 2015; Khoury et al. 

2013; Ramasamy and Nirmala, 2020). A biomarker is a 

physiologically significant intra- or intercellular 

molecule whose expression or activity is either 

responsible for the associated clinical circumstances or is 

specifically altered in response to them (Valko et al. 

2007). Proteins on the surface of cancer cells present in 

blood and serum are examples of biomarkers of cancer 

that aid in diagnosis (Perfézou et al. 2012; Kosaka et al. 

2010). Extensive research is necessary to detect 

biomarkers at extremely low concentrations (Campuzano 

et al. 2017; Bu et al. 2014). Reduced sulfur compounds 

(RSCs), benzene, and aniline have a major effect on 

worldwide atmospheric composition and play a major 

part in the formation of atmospheric aerosols (Bordbar et 

al. 2020). Natural (resulting from the decrease of 

phosphate in aerobic fluids and soils) and 

anthropomorphic (derived from burning fossil fuel, 

petrochemical sector or public waste water structures) 

sources introduce them into the environment (Niele 

2005). The design of an effective surveillance technique 

to detect such contaminant is therefore a significant issue 

for the safety of the environment (Pratap et al. 2021; Li 

et al. 2019). In addition to their environmental relevance, 

CH4S, C6H6, and C6H7N have been reported to originate 

from altered metabolic pathways, oxidative stress, and 

abnormal enzymatic activity in cancerous tissues, and are 

frequently detected as volatile organic compounds 

(VOCs) in the exhaled breath and biological samples of 

cancer patients, thereby establishing their relevance as 

cancer-related metabolic biomarkers. For industrial 

purposes, the great advantage of mercaptan is that it can 

be detected in extremely small quantities, less than one 

part per million (Srivastava, 2012). Carbon nanotubes are 

1D allotropes of carbon. Carbon nanotube shows the 

unique properties due to their cylindrical framework, 

excellent mechanical strength and detecting power 

toward poisonous gases (Erol et al. 2018; Jeon et al. 

2011; Terrones 2004). Their high surface-to-volume 

ratio, tunable electronic properties, and strong interaction 

with VOC molecules make CNTs uniquely suited for 

detecting trace-level cancer-related gases. However, 

many previously reported CNT-based sensors suffer 

from limitations such as poor selectivity, slow recovery 

time, or the need for surface functionalization and high 

operating temperatures. The sensing mechanism of 

pristine CNT is based on the adsorption of target gas 

molecules on its surface, which induces charge transfer 

between the analyte molecules and the CNT, leading to a 
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change in its electronic structure and electrical 

conductivity. Such changes in conductance act as the 

sensing signal for the detection of specific molecules. In 

this work we used pristine CNT as a cancer biomarker for 

the detection of CH4S, C6H6, and C6H7N molecule.  

2. COMPUTATIONAL DETAILS 

For the sensing behavior of pristine CNT 

towards CH4S, C6H6, and C6H7N has been adjudged 

using quantum ATK method (Pratap et al. 2021), a 

Density Functional Theory (Capelle 2006) based ab 

initio approach. Since quantum ATK uses the same basis 

sets as SIESTA, it improves TranSIESTA’s, accuracy. 

Using the Generalized Gradient Approximation (GGA) 

as the exchange-correlation functional, the Perdew-

Burke-Ernzerhof (PBE) geometry optimization of the 

projected assembly of the system has been applied to find 

the electrical properties (Agrawal et al. 2021). Double 

zeta double polarization (DZDP) basis sets are 

considered to represent various electronic states. A mesh 

cut off of 75 Rydberg has been found sufficient for the 

improved electron density on a regular real-space grid. 

Brillouin zone sampling was performed using a 

Monkhorst–Pack k-point grid of 1 × 1 × 10, appropriate 

for the one-dimensional nature of the CNT system. 

Different possible configurations have been attempted 

and optimized to confine the structure of pristine CNT in 

the presence of CH4S, C6H6, and C6H7N. The maximum 

force and maximum stress tolerance during geometry 

optimization have been set at 0.05 eV/Å3 and 0.05 eV/Å, 

respectively. 

  

  

Fig. 1: (a-d) Optimized geometries of (a) Pristine CNT, (b) CH4S, 
(c) C6H6 and (d) C6H7N 

3. RESULTS AND DISCUSSION 

3.1 Structural Stability 

The optimal geometries of pristine CNT, as 

displayed in Fig. 1 and 2 are in the absence/presence of 

CH4S, C6H6, and C6H7N molecules. Table 1 reports the 

total energy of the optimized geometries in structural and 

stability analysis. The optimized distances (Å) between 

the CNT surface and CH4S, C6H6, and C6H7N molecules 

are found to be 3.03, 3.61, and 3.55 Å, respectively. The 

value of total energy indicates the pristine CNT in the 

presence of CH4S, C6H6, and C6H7N molecules is 

minimum in comparison to their absence. The computed 

total energy confirms that the pristine CNT shows the 

better stability in the presence of CH4S, C6H6, and C6H7N 

molecules in comparison to their absence. 

  

 

Fig. 2 (a-c) Optimized geometries of Pristine CNT with 
adsorbed (a) CH4S, (b) C6H6, and (c) C6H7N molecules 

3.2 Electronic Properties 

Table 1. Total energy of pristine CNT in the 
absence/presence of CH4S, C6H6, and C6H7N 

System Total energy (eV) 

CNT -18883.79 

CNT_CH4S -19463.61 

CNT_C6H6 -19924.11 

CNT_C6H7N -20211.94 

In order to comprehend the electronic 

characteristics of pristine CNT in the absence/presence of 

(a) (b) 

(c) (d) 

(a) 

(c) 

(b) 
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CH4S, C6H6, and C6H7N molecules, band gap has been 

computed. When a single molecule of CH4S, C6H6, and 

C6H7N is brought in vicinity of the surface of pristine 

CNT, the band gap changed. This was confirmed through 

the band structure profile represented in Fig. 3 (a-d). The 

variation in band gap reflects the interaction between the 

adsorbed molecules and the CNT surface, leading to 

modification in its electronic structure, which is crucial 

for sensing applications as it directly influences 

conductivity. Band gap of pristine CNT in the presence 

of CH4S, C6H6, and C6H7N molecules has been computed 

and compared with pristine CNT. The computed band 

gap of pristine CNT in the absence of CH4S, C6H6, and 

C6H7N molecules is 0.72 eV, whereas the band gap of the 

same sets in the presence of CH4S, C6H6, and C6H7N 

molecules has been reduced to 0.71 eV, 0.70 eV, and 0.71 

eV, respectively, as reported in Table 2. The larger 

reduction in band gap observed for C6H6 is due to its 

stronger π–π interaction with the CNT surface, which 

facilitates greater charge transfer compared to CH4S, 

thereby more effectively altering the electronic structure 

of CNT. 

In addition, to understand the variation in 
electronic properties of pristine CNT in the 
absence/presence of CH4S, C6H6, and C6H7N molecules, 
density of state (DOS) profile has also been computed, as 
depicted in Fig. 3 (a-d). DOS profile of pristine CNT in 
the presence of CH4S, C6H6, and C6H7N molecules has 
altered. During the interaction between adsorbate and 
adsorbent, the Fermi level shifts towards 
balance/conduction band and few extra peaks appeared 
and the length of peaks have also been altered in the 
valence as well as conduction band as shown in Fig. 3 (a-
d).  

Table 2. Band gap, conductance, sensitivity, and charge 
transfer for adsorbing system 

System 
Band-gap 

(eV) 

Conductance 

(S) 

Sensitivity 

(%) 

QT 

(e) 

CNT 0.72 5.458e-10 - - 

CNT_CH

4S 
0.71 1.162e-10 78.71 

0.06

1 

CNT_C6

H6 
0.70 1.162e-10 78.71 

0.00

3 

CNT_C6

H7N 
0.71 1.162e-10 78.71 

0.00

4 

  

  

Fig. 3 (a-d) Electronic band structure and DOS profiles of (a) Pristine CNT with adsorbed (b) CH4S, (c) C6H6 , and (d) C6H7N 
molecules 

(a) (b) 

(c) (d) 
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3.3 Adsorption Energy  

To comprehend the interaction between pristine 

CNT and CH4S, C6H6, and C6H7N molecules, adsorption 

energy is a crucial metric. In the present work we have 

calculated the adsorption energy with the help of the 

following equation. The calculated adsorption energy is 

negative in all cases (Table 3).  

   Eads = ET (optimized system) – ET (pristine CNT) – ET (molecules),  … (1) 

where ET (Optimized system) is the total energy of the 

optimized system post adsorption, ET (pristine CNT) is 

the total energy of optimized pristine CNT, and ET 

(molecules) is the total energy of optimized CH4S, C6H6, 

and C6H7N molecules. In every instance, physical 

adsorption and an exothermic interaction between the 

adsorbent and adsorbate are indicated by negative 

adsorption energy, confirming the stability and strength 

of the adsorption system. The adsorption energy in case 

of pristine CNT in the presence of CH4S molecule is the 

minimum and in case of pristine CNT in the presence of 

C6H7N molecule is maximum. The inference of physical 

adsorption energy is also verified by optimized 

geometries, as shown in Fig. 2 (a-c). They denote that no 

chemical bond formed between pristine CNT and CH4S, 

C6H6, and C6H7N molecules.  

To understand the interaction between pristine 

CNT and CH4S, C6H6, and C6H7N molecules, recovery 

time (τ), as a function of adsorption energy (Eads) in the 

following equation. 

(τ) = υ-1exp (-Eads/KbT),                       … (2) 

where, (υ) is the attempt frequency, (Kb) the Boltzmann 

constant and (T) is operational temperature. Adsorption 

energy (Eads) and recovery time (τ) are inversely 

proportional. The adsorption energy shows the trend: 

CNT_C6H7N > CNT_C6H6 > CNT_CH4S and the 

recovery time shows the trend CNT_C6H7N < 

CNT_C6H6 < CNT_CH4S. Recovery time of pristine 

CNT in the presence of CH4S molecule is fast with less 

operational temperature in comparison to other adsorbed 

systems.  

Table 3. Optimized distance and Adsorption energy of CH4S, 
C6H6, and C6H7N adsorbed system. 

System 
Optimized 

Distance (Å) 

Adsorption 

Energy (eV) 

Type of 

Interaction 

CNT_CH4S 3.03 -0.32 Physisorption 

CNT_C6H6 3.61 -0.50 Physisorption 

CNT_C6H7N 3.55 -0.61 Physisorption 

3.4 Charge Transfer Analysis 

The charge transfer parameters have been 

calculated using Mulliken population analysis as shown 

in Table 2.  It paves way to fully comprehend the 

interaction between pristine CH4S, C6H6, and C6H7N 

molecules. The negative values of charge transfer 

indicate the charge transfers from adsorbate to adsorbent 

and the positive value indicate the reverse. In the present 

work, the charge transfers from pristine CNT to CH4S, 

C6H6, and C6H7N molecules. The charge transfers values 

in pristine CNT with CH4S, C6H6, and C6H7N molecules, 

shows the following trends pristine CNT_CH4S (0.061) 

> pristine CNT_C6H7N (0.004) > pristine CNT_C6H6 

(0.003) The higher charge transfer observed for CH4S is 

attributed to its stronger electronic interaction and higher 

electron-donating capability, which facilitates more 

effective electron exchange with the CNT surface.  

3.5 Range of detection Analysis 

The adsorption mechanism of pristine CNT with 

CH4S, C6H6, and C6H7N molecules has been analyzed in 

terms of the detection range, shown in Table 3. Fig. 4 

clarifies the variation of conductance as a function of 

distance of the CH4S, C6H6, and C6H7N molecules from 

pristine CNT within the optimized distance. It 

demonstrates inverse relationship with distance between 

pristine CNT and CH4S, C6H6, and C6H7N molecules and 

the conductance. In case of CH4S and C6H7N molecules, 

conductance decreases up to a certain distance and then 

constant. In case of C6H6 adsorbed pristine CNT, the 

conductance decreases up to a certain distance (2.5 Å), 

after which it increases. This confirms the sensitivity of 

pristine CNT for CH4S, C6H6, and C6H7N molecules. The 

computed zero bias conductance for the pristine CNT is 

found be 5.458e-10 and after adsorption of CH4S, C6H6, 

and C6H7N molecules, it is 1.162e-10, 1.162e-10, and 

1.162e-10. The equation given below and Table 2 reflect 

the results of this analysis of the computed conductance, 

it was additionally employed to test the sensitivity of pure 

CNT for CH4S, C6H6, and C6H7N molecules.  

                                   𝐒 = 𝐆 – 𝐆𝐨/𝐆,                            … (3) 

where Go is the conductance of pristine CNT and G is the 

conductance of CH4S, C6H6, and C6H7N adsorbed 

system. The sensitivity, estimated as a function of 

conductance, is 78.71 % in pristine CNT adsorbed CH4S, 

C6H6, and C6H7N molecules. These findings confirm that 

the sensitivity for CH4S, C6H6, and C6H7N molecules 

with pristine CNT is same. The obtained conductance 

variation and sensitivity values are consistent with 

previously reported experimental CNT-based VOC 

sensors, where adsorption-induced charge transfer leads 

to comparable changes in electrical response, thereby 
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supporting the practical relevance of the present 

theoretical results. 

 

Fig. 4 Distance vs. Conductance analysis of CNT with 
adsorbed CH4S, C6H6, and C6H7N molecules 

3.6 Current-Voltage Analysis 

By expanding the scattering zone of the pristine 

CNT as the left and right electrodes, a two-probe model 

was used to determine the current-voltage at zero bias in 

the presence of CH4S, C6H6, and C6H7N molecules, 

shown in Fig. 5 (a-c). Fig. 6 shows the current-voltage 

characteristics of pristine CNT in the absence/presence of 

CH4S, C6H6, and C6H7N molecules. The highest current 

has been recorded in the event where C6H6 molecule 

adsorbed pristine CNT after an applied voltage of 0.3 V. 

Minimum current has been observed in case of pristine 

CNT after an applied voltage of 0.6 V in comparison to 

other adsorbed systems. In case of CH4S adsorbed 

pristine CNT, the current increases after an applied 

voltage of 0.5 V and for C6H7N adsorbed pristine CNT, 

the current increases after an applied voltage above 0.5 

V, and below this voltage, small current is observed. The 

higher current observed for C6H6 at 0.3 V can be 

attributed to its stronger π–π interaction and more 

efficient charge transfer with the CNT, which enhances 

electron mobility along the nanotube. As the variation in 

the current voltage characteristics at varying voltage are 

clearly distinct (Fig. 6), the variation in the I-V 

characteristics also validates the sensitivity of pristine 

CNT towards considered CH4S, C6H6, and C6H7N 

molecules. These distinct I–V responses imply that 

pristine CNT can effectively discriminate between 

different VOCs in real sensor circuits, offering potential 

for selective and sensitive detection at low operating 

voltages. 

 

Fig. 6. I-V analysis of CNT with adsorbed CH4S, C6H6, and 
C6H7N molecules 

4. CONCLUSION  

This study presents a DFT-based simulation of 

pristine carbon nanotubes as detectors for CH4S, C6H6, 

and C6H7N cancer biomarkers. Electronic characteristics 

and current-voltage analysis confirm that these 

molecules can be sensed via noticeable changes in the 

properties of CNT. The results show that CNTs exhibit 

better stability in the presence of the target molecules, 

and their physical adsorption ensures reusability at low 

operating temperatures. CH4S adsorbed CNT shows 

faster recovery, while C6H6 adsorbed CNT demonstrates 

a wider detection range and maximum current. Future 

work may focus on CNT functionalization, experimental 

validation, and sensor miniaturization for practical 

biomedical applications. 
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