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Abstract 

We investigate the effect of glycoproteins on the optical properties of carbon nanotubes 

(CNTs) and carbon nanorings (CRNs), using density functional theory (DFT). Long rang 

correlation interactions are added by introducing van der Waals interaction. Our results 

show that the electronic and optical properties of both these materials are influenced by 

glycoprotein, which depends on their chirality and size. DFT can be used to predict the 

desired chirality and size of these nanomaterials. According to our outcomes, the 

predicted CNTs and CRNs may be chosen as the best sensitive and suitable candidates to 

use as bio-sensor materials. 

Keywords: density functional theory, glycoprotein, carbon nanoring, carbon nanotube, 

sequencing.  

 

1- Introduction 

  Due to the emergence of electronic devices and the significant changes in this field 

in recent decades, there is a need to build more accurate, smaller, and more capable 

sensors for environmental monitoring. Nowadays used sensors are sensitive to small 

amounts of any gas, heat, or radiation, however, still increasing the sensitivity, efficiency, 

and accuracy of these sensors is highly demanded. With the advent of nanoscience, 

dramatic changes have taken place in sensor technology. The combination of 

nanotechnology and medical sciences causes unprecedented achievements in developing 

new therapeutic and diagnostic methods. Biosensors could be classified based on the type 

of transmission mechanism. The most common classifications are electrochemical, 

optical, and field-effect sensors [1]. 
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Single wall CNTs (SWCNTs) emit light when excited in the near-infrared range. 

When combined with specific polymers, they can be used as optical sensors for a wide 

range of analytes, including reactive oxygen species, insulin, dopamine, and nitric oxide 

(NO). These sensors react to the specific analyte, and this reaction manifests in the 

intensity of the fluorescence, thereby causing red and blue shifts in wavelength changes. 

Researchers are interested in developing SWCNTs as sensors for biological applications 

since the emission wavelengths of SWCNTs are close to the infrared range, in which water 

and blood have limited interference [2]. In addition, SWCNTs can be a good alternative to 

ITO in the coating layer due to their excellent optical properties, chemical stability, 

availability, the abundance of the carbon element, and high adhesion to different 

substrates [3]. The optical behaviours of these materials strongly depend on the chirality 

and geometry of the nanotubes (i.e., whether they are semiconductors or metals) [3]. In 

addition, CNTs are inherently fluorescent in the near-infrared region. A sensor could be 

operated by sensitizing nanotubes and observing the changes created in the absorption 

spectra in the presence of biomolecules. CNTs also have emissions in the near-infrared 

region, an area in which water and blood have limited interference, and they do not 

photo-bleach, therefore providing a long-term fluorescence sensor [4–7]. 

Recently, SEO et al. developed field-effect transistors (FETs) for a sensor device 

used in the clinical diagnosis of the COVID-19 virus. The sensor was evaluated by 

graphene sheets mixed with antibodies to measure its function against the COVID-19 

virus molecule. Studies of the spike-binding of the virus protein to the graphene mixed 

with antibody showed doping-like changes on the graphene surface, while the sensor did 

not react to the MERS-Cov2 antigen. As such, a highly sensitive diagnostic tool should 

introduce against coronavirus [8]. 

In a study done by Wenting Shao, a biosensor consisting of high-purity 

semiconductor CNTs based on FETs was used to detect the COVID-19 virus, along with 

two types of biosensors, which were a nucleocapsid antigen (NAg) biosensor and a spike 

activated antigen (SAg) biosensor. Both biosensors showed very high sensitivity to the 

presence of the virus antigen. Clinical specimens are also used in designed biosensors 

without the need for laboratory preparation and processing, and the detection time in 

this method is significantly shorter than other test methods (approximately 5 minutes). 

Another advantage of CNT-based biosensors is their low cost. In the mentioned study, the 

detection limit of the device has been calculated to be 0.016 fg/ml for the nucleocapsid 

antigen and 0.55 fg/ml for the spike antigen. Furthermore, the obtained results indicated 

that devices with the spike protein antibody (SAb) function performed better in the 
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positive detection of the virus compared to the devices with the nucleocapsid protein 

antibody (NAb) function. In addition, the semiconducting single-walled carbon nanotube 

(SWCNT)-based field-effect transistor (FET) detection assay method provides the 

opportunity for the detection of multiple viral antigens, as well as the antibodies that 

detect these antigens [9]. 

To date, CNTs have been used in drug delivery nanosystems to battle against 

various viruses. In the most recent studies, the interaction between various types of 

multi-walled CNTs with different chirality's using the chemical vapour deposition 

method, against the SARS virus has been investigated and this technology could be 

applied for the preparation and manufacturing of diagnostic kits and protective medical 

devices [10]. Achieving diagnostic, inactivating, and virus-killing levels are critical today. 

In recent studies, SWCNTs with metal alloys have also been proposed as sensor substrate 

materials based on the density functional theory (DFT) [11]. 

CNTs are more reactive at the edges than other areas where the carbon atoms 

have dangling bonds. The reactivity of the side walls of the nanotube could be attributed 

to its structural properties and chirality [12]. Luong et al. reported that when CNTs are 

sonicated in organic solvents, they produce dangling bonds that are subjected to more 

chemical reactions [13]. 

The present study aimed initially to investigate the change in electronic properties 

of CNTs and carbon nano-rings (CNRs) in the presence of the glycoprotein molecule, using 

density functional theory (DFT). CNRs are observed in SWCNTs laser vaporization grew 

process [14]. For this purpose, we built zigzag, armchair, and general CNTs structures 

with chirality that allowed computational capabilities. Band structure, electron density 

of state (DOS), and energy gap are among the most important subjects are discussed in 

the field of sensors. The goal is analyzing the effectiveness of using CNTs and CNRs for 

the environmental monitoring of N-Link and O-Link glycoproteins. We have selected one 

case from each type of nanotube and investigated the electronic properties and energy 

gap of CNTs and energy levels of the highest occupied orbitals (HOMO) and the lowest 

unoccupied orbitals (LUMO) of CNRs, binding energy, chemical potential, ionization 

potential, electron affinity, chemical hardness/softness, and electronegativity in the 

presence of glycoprotein molecule. The binding energy of N-Link and O-Link 

glycoproteins is an important factor in sensing procedure. We also used time-dependent 

density functional theory (TDDFT) to calculate the absorption spectra of a CNR sample 

and monitored the change in its spectrum after being introduced to N-Link and O-Link 

glycoproteins. Our results show that with the presence of the N-Link and O-Link 
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glycoprotein molecules, the energy gap of the CNTs and CNRs may be changed and 

therefore they can be used for monitoring Corona-like virus spikes. Outcomes enable us 

to predict those structures that may show more sensitive optical and electronic 

responses in sensing devices, while our results can be detected experimentally through 

signals given by the built-in electronic device in biosensors. 

2- Results 

2-1-1 Armchair CNTs: 

In this section, we will study the possible changes in the electronic properties of 

armchair (n, n) CNTs exposed to glycoprotein molecules. The diameter of the CNT is an 

important parameter helping us in finding the right case. Considering the computational 

cost, we have selected three types of armchair CNTs with chirality (2, 2), (3, 3) and (4, 4) 

and computed the corresponding electronic structure. As we expected and according to 

the prediction of a metal CNT when n-m=3l, we found that independent of the tube 

diameter, all three CNTs are metal. Some of the DFT-predicted structural and electronic 

properties of the nanotubes are given in Table 1. 

  

Carbon 
nanotube 

Electronic 
property 

diameter 
(A) 

Number of 
atoms 

Chirality 
Band 
gap 
(eV) 

Other work 
band 
gap 
(eV) 

(2, 2) Metallic 2.91 24 Armchair M2 Metallic[15] 

(3, 3) Metallic 4.39 36 Armchair M2 Metallic[16] 

(4, 4) Metallic 5.53 48 Armchair M2 Metallic[15] 

       

Table 1. Properties of pristine CNT data that were used in calculations and the 

corresponding results.  

The results presented in Table1 indicate good agreement with the previous data. We 

present the corresponding band structures in Figure 1, while the bands are extended 

from point Γ to the ΒΖ boundary point at Z. Valence and conduction bands are 

represented by red and blue colours, respectively, in each figure.  
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Figure 1 Top: Cutting lines in (BZ), bottom: the corresponding band structure diagram 

for (2, 2), (3, 3), (4, 4) armchair CNTs. The Fermi energy is set to zero. 

Figure 2 shows that cutting lines cross the first BZ of "Armchair" CNTs at K and Kˊ and 

these nanotubes exhibit M2 metallic behaviors. [17-20].  

2-1-2 Zigzag CNTs: 

We selected four zigzag CNTs with chirality (3, 0), (4, 0), (5, 0) and (8, 0). Results 

are given in Table 2 and Figure 2, respectively. 

Carbon 
nanotube 

Electronic 
property 

Diameter 

(A) 

Number 
of atoms 

Chirality 

Band 

gap 

(eV) 

Other work 
(eV) 

(3, 0) Metallic 2.69 24 Zigzag M1 Metallic [15,20] 

(4, 0) Metallic 3.37 32 Zigzag M 
Metallic [16] 

(5, 0) Metallic 4.10 40 Zigzag M  Metallic [15] 

(8, 0) Semiconductor 6.36 32 Zigzag S2-0.598 0.571[21] 
0.664[22] 

Table 2. Properties of pristine CNT data. Results are compared with previous data taken 

from Ref. [15,16]  ،  [20-22]. 

M2 type mesh  
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As expected, Table 2 shows that chirality has a significant influence on the 

electronic properties of zigzag CNTs. Zigzag CNTs with chirality of (3, 0), (4, 0) and (5, 0) 

are metals, while (8, 0) is a semiconductor with band gap of 0.598 eV. 

 

 

Figure 2. Cutting lines in (BZ) and band structure diagram for zigzag CNTs. According to 

the cutting line analysis shown in this figure, CNTs (4, 0) and (5, 0) should be 

semiconductor type S1 and S2, respectively, however, the structure curvature in these 

small tubes induces σ-π surface hybridization, and therefore metallic features, as 

concluded from the corresponding band structure.  

Our results show that for CNTs (3, 0), the electron states (cutting lines) cross 

separately the (K, Kˊ) points and the nanotube is M1-metalic type. Despite the metallic 

feature concluded from the calculated band structure shown in Figure 2, the small 

diameter of (4, 0) and (5, 0) CNTs induces σ-π hybridization effects to arise from the large 

curvature of the graphene folded layer and thereby causing an inaccurate prediction of 

semiconductor feature for these CNTs by of zone-folding scheme.  

M1 type mesh  S1 type mesh  S2 type mesh  S2 type mesh  
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2-1-3 Chiral CNTs: 

We have selected chiral CNTs (3, 1), (3, 2), (4, 1) and (4, 2) and investigated their 

energy gap, band structure and cutting lines. Results are shown in Table 3 and Figure 3 

and compared with the previous data. 

CNT 
Electronic 
property 

diameter 

(Å) 

Number 
of atoms 

Chirality 

Band 

gap 

(eV) 

Other work 
band 
gap 
(eV) 

(3, 1) Semiconductor 3.97 52 Chiral S2-0.705 0.720[15] 

(3, 2) Semiconductor 3.60 76 Chiral S2-0.360 0.310[15] 

(4, 1) Metallic 3.74 28 Chiral M1 Metallic[17-18] 

(4, 2) Semiconductor 4.28 56 Chiral S2-0.233 0.190[15,19] 

 

Table 3. Properties of pristine CNT data. 

DFT predicts that the geometric structure imposes metallic feature to CNT (4, 1). 

The other CNTs are predicted semiconductors, while the largest electronic band gap of 

0.705 eV for CNT (3, 1) and the lowest energy gap of 0.233 eV is predicted for CNT (4, 2).  

 

Figure 3. Cutting lines in (BZ) and band structure diagram for chiral CNTs. According to 

both the cutting line analysis and band structure feature, the three (3, 1), (3, 2), (4, 2) 

CNTs are semiconductors, while CNT (4, 1) is metal. 

S2 type 

mesh  

S2 type 

mesh  

M1 type 

mesh  

S2 type 

mesh  
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For CNT (4, 1), there always exist two electronic states that cross the K and Kˊ points in 

(BZ) Separately, and therefore these nanotubes always show an M1-metallic behavior. 

While for other nanotubes no electronic states pass the points K, Kˊ and are S2-

semiconductors.  

2-2 Single-walled CNTs next to glycoprotein molecules 

Virus spikes often contain glycoproteins. Glycoproteins are composed of 

carbohydrates and proteins and have several different types. Two main sections in the 

Corona-virus spikes are the N-Link and O-Link glycoproteins. The naming of these two 

types of glycoproteins relates to the atomic type that binds the protein moiety to the 

carbohydrate moiety. If this bond includes an oxygen atom, the glycoprotein is called the 

O-Link type, and if it contains a nitrogen atom, the glycoprotein is called the N-Link type. 

Figure 4 illustrates the optimized structure of these two types of glycoproteins [23].  

 

Figure 4. Common glycoproteins in corona-virus spikes (N-Link and O-Link). 

In the following, we investigate the effect of adding glycoprotein to a CNT with 

metallic and semiconductor electronic features. For this purpose, two types of chiral CNT 

(3, 1) and CNT (4, 2) and a zigzag CNT (4, 0) and CNT (3, 3) M2 type were selected. 

We placed the N-link and O-link glycoprotein molecules in a unit cell perpendicular to the 

CNTs. After optimization, the molecules moved to the edges of the CNTs. The effect of the 

presence of glycoprotein molecules on the energy gap of the selected CNTs is reported in 

Table 4. The change in the electronic gap of the composing structure compared to the 

pristine CNT was calculated from Equation 1. 

   gap gap gapE E Glycoprotein CNT E CNT    , (1) 

Where ΔEgap is the change in the band gap energy of the CNT after the presence of the 

glycoprotein-containing, Egap (glycoprotein-CNT) is the band gap of CNT in the presence 

N-Link Glycoprotein 

O-Link Glycoprotein 

H 

C 

N 

O 
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of the glycoprotein and Egap (CNT) is the band gap of the pure CNT. Table 4 lists data 

corresponding to the structure of glycoproteins-containing CNT, number of atoms in the 

unit cell, chirality, band gap energy and ΔEgap, respectively. 

 gapE meV 
Band  
gap 
(eV) 

Chirality Number of 
atoms Structure 

M M Armchair 85 N-Link (3, 3) 
M M Armchair 82 O-Link (3, 3) 
M M Zigzag 81 N-Link (4, 0) 
M M Zigzag 78 O-Link (4, 0) 
-402 0.303 Chiral 98 O-Link (3, 1) 
-6 0.227 Chiral 102 O-Link (4, 2) 

Table 4. The structure under study, the corresponding number of atoms in that structure, 

the chirality of the structure, the corresponding band gap, and the change in the band gap 

according to Equation. 1. 

According to Table 4, the addition of glycoprotein molecules cannot change the electronic 

feature of metallic CNTs, as we see for (3, 3), and (4, 0) CNTs. However, for a 

semiconductor type the CNT (3, 1) by adding the O-link glycoprotein, the electronic gap 

reduces from 0.705 to 0.303 eV with a change of 402 meV, and a smaller reduction of 6 

meV is observed, when for (4, 2) chiral CNT. Figure 5 illustrates the effect of the presence 

of glycoprotein on the band structure of the mentioned CNTs. By comparing the results 

shown in Figures 1-3, it could be inferred that the presence of N-Link and O-Link 

glycoproteins in the CNT medium can change the band structure and electronic gap of 

semiconductor CNTs. We further studied the selected CNTs in the presence of an O-link 

glycoprotein. Figure 6 depicts the electron density of the state diagram for glycoproteins 

in the presence of the selected CNTs. The Fermi energy is set to zero with a green dashed 

line. 
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Figure 5. Band structure of selected CNTs given in Table 4 in presence of glycoprotein 
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 CNT(3,1)

(a)  O-Link CNT(3,1)

(b)

D
O

S
 (

a.
 u

.)

 CNT(4,2)

 O-Link CNT(4,2)

(c)

 N-Link CNT(3,3)

 O-Link CNT(3,3)

 CNT(3,3)

-5 -4 -3 -2 -1 0 1 2 3 4 5

(d)

Energy (eV)

 CNT(4,0)

 N-Link CNT(4,0)

 O-Link CNT(4,0)

eF

Figure 6. Diagram of Electron density of states for CNTs and N-link and O-link 

Glycoproteins. 

Figure 6 compares the energy density of states in the presence of glycoproteins 

with the pure nanotubes. The obtained results indicated an increase in the density of the 

nanotube carriers due to the presence of glycoprotein molecules. However, the presence 

of glycoprotein in Figure 6-b did not show significant changes in the gap of the CNT (4, 

2), and only the energy of the full and empty bands shifted to the right (higher energies). 

As it is depicted in Figures 6-c and 6-d, the Fermi energy cut the valence and conduction 

bands of CNTs (3, 3) and (4, 0), and the presence of electron density could be observed in 

these zones. So, we can say that semiconductor CNTs, like chiral (3, 1), may be proper 

candidates that can exhibit appropriate and predictable behavior. 

2-3 Single-walled Carbon Nanoring and the Effect of the Glycoprotein  

Armchair CNRs are effective models for the synthesis of CNTs. The length of the 

smallest armchair nanoring is related to cycloparaphenylene (CPP) [24], which was 

synthesized in 2008 and is about the width of a benzene ring. According to the findings 

of Omachi et al. [25], the chemical synthesis of CPP[n], in which [n] shows the number of 
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the benzene rings in the modular synthesis method, determines the size of the CNT 

produced from a CPP[n]. Therefore, the computational possibilities for identifying 

glycoproteins led us to select the CNR (8, 8) with a diameter of 1.22 Å. We also evaluated 

the effect of increasing the nanoring length on the detecting of N-Link and O-Link 

glycoprotein molecules by adding one armchair carbon layer to the CNR (8, 8) with L1 

length. By this, the length of the CNR increased from 
1L 5 57A.



  to 
2L 6 82A.



 . Figure 7 

shows the optimized structure of CNR (8, 8) with lengths 
1L and 2L .  

Figure 7. Cross-section and Lateral Surface of CNR (8, 8) with Lengths L1 and L2. 

Due to the ability of covalent bonds to control the biomolecule location, the best 

conditions for stability, acceptability and selectivity are determined where the covalent 

bonds between CNRs and glycoproteins may be formed [13]. Results showed that 

glycoproteins form covalent bonds with CNRs, and surface hybridization of carbon atoms 

is changed from sp2 to sp3. 

Another objective of the present study was to identify the indicators that could be 

used to make a sufficient distinction between glycoprotein molecules. These indicators 

were expressed in the form of electrochemical properties.  

The main electronic properties included the energy of the HOMO and LUMO 

orbitals, the electron gap (
gapE ), chemical potential (μ), electronegativity ( ), hardness (η), chemical softness (σ), electron affinity (EA), ionization potential (IP), binding energy 

(BE), and electron felicity ( ). These properties could be obtained using the following 

equations [24-30]:  

(2)  ∆𝐸𝑔𝑎𝑝 = 𝛦𝐿𝑈𝑀𝑂 − 𝛦𝐻𝑂𝑀𝑂 
 

CNR (8, 8)  

1L 2L 
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(3) 
  

 

 𝜇 = 𝛦𝐻𝑂𝑀𝑂+𝛦𝐿𝑈𝑀𝑂2 

(4) 

 𝜒 = −𝜇 

 𝜂 = (𝛦𝐻𝑂𝑀𝑂 − 𝛦𝐿𝑈𝑀𝑂2 ) 

 
(5)  σ=1/η 

  

(6) 𝛦𝛢 = −𝛦𝐿𝑈𝑀𝑂 
(7)   

(8) 
 

 𝐼𝑃 = −𝛦𝐻𝑂𝑀𝑂 

Moreover, electron felicity was calculated based on the chemical potential and chemical 

hardness using Equation (9): 

(9)  𝜔 = 𝜇2𝜂 

The most important factor considered in this section is the separation between binding 

energy of N-Link and O-Link glycoproteins by sensor substrate (CNRs). The binding 

energy has been defined using Equation (10). 𝛥𝐸𝐵 = 𝐸(𝐶𝑁𝑅 + 𝐺𝑙𝑦𝑐. ) − [𝐸(𝐶𝑁𝑅) + 𝐸(𝐺𝑙𝑦𝑐. )],                                                                    (10) 

   𝐸(𝐶𝑁𝑅 + 𝐺𝑙𝑦𝑐. ) shows the energy of the entire system of CNR and glycoproteins, 𝐸(𝐶𝑁𝑅) shows the energy of the individual CNR, and 𝐸(𝐺𝑙𝑦𝑐. ) represents the energy of 

the individual glycoprotein [31]. The results are displayed in table 5. 

 

 

 

 

 

 

 

 

 

Structure HOMO LUMO gapE    IP EA         BE  
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Glycoprotein 
N-link  -4.48 -1.56 2.93 -3.02 4.48 1.56 3.02 1.46 0.68 3.12 -- 
O-link  -4.90 -2.08 2.82 -3.49 4.90 2.08 3.49 1.41 0.71 4.32 -- 

Length Size1 
(8, 8) -4.93 -2.54 2.39 -3.73 4.93 2.54 3.73 1.19 0.84 5.83 -- 
N.Glyc.+CNR(8, 8) -4.37 -2.80 1.57 -3.58 4.37 2.80 3.58 0.78 1.28 8.20 -0.32 
O.Glyc.+CNR(8, 8) -4.65 -2.69 1.97 -3.67 4.65 2.69 3.67 0.98 1.02 6.85 -0.12 
(N&O).Glyc.+CNR(
8, 8) -4.40 -2.90 1.50 -3.65 4.40 2.90 3.65 0.75 1.33 8.88 -0.60 

Length Size2 
(8, 8) -4.06 -3.35 0.72 -3.71 4.06 3.35 3.71 0.36 2.79 19.18 -- 
N.Glyc.+CNR(8, 8) -4.32 -3.62 0.70 -3.97 4.32 3.62 3.97 0.35 2.87 22.56 -0.30 
O.Glyc.+CNR(8, 8) -4.18 -3.49 0.70 -3.84 4.18 3.49 3.84 0.35 2.87 21.10 -0.13 

Table 5. A list of HOMO, LUMO, H-L Gap, chemical potential (μ), ionization potential (IP), 
electron affinity (EA)  electronegativity (  ), chemical  hardness (η), chemical softness (σ), electron felicity () and the differences of binding energy ( BE ) for O and N-Link 

glycoproteins, CNR(8, 8) with two lengths of L1, L2 and their complex systems together 

(in unit eV). 

Since a sensor material should be chemically stable, materials with a higher chemical 

hardness are more suitable for this purpose. According to the information in Table 4, the 

CNR with length L1 is a better option for detecting molecules owing to better sensitivity, 

the larger change in the electronic gap in the presence of glycoprotein, and more stability 

(higher chemical hardness) than CRN with longer length L2. 

In Figure 8, we pictorially show the HOMO and LUMO energy changes in the presence of 

glycoprotein molecules.  
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Figure 8. Changes in the HOMO and LUMO energy of CNTs (8, 8) in Lengths L1 and L2 

due to the presence of glycoprotein molecules. 

According to Figure 8, at L1 length, glycoprotein molecules increase HOMO energy 

levels and decrease LUMO energy levels for CRN (8, 8). Thus, the energy gap has 

undergone a serious change. However, at L2 size, glycoprotein molecules reduce both the 

HOMO and LUMO energy levels and no significant change happens in the energy gap. 
The van der Waals interactions between CNTs and glycoprotein molecules are greater for 

narrow lengths. Therefore, glycoprotein diagnostic devices based on L1 size CNR (8, 8) 

are better options. 

Hydrogen bonding strength could be classified into three groups depending on the 

amount of energy. Strong bond energies are greater than 0.65 eV, moderate bond 

energies happen at 0.17 – 0.65 eV, and weak bonds for dependent energies are less than 

0.17 eV [32,33]. The calculated binding energies are shown in Table 5, showing that the 

hydrogen bond strength for the carbon nanoring (8, 8) in the presence of the N-Link 

glycoprotein is moderate for both lengths. While this value is weak for carbon nanoring 

(8, 8) in the presence of O-Link glycoprotein. 

In the following, we examined the ability of CNRs (8, 8) to determine whether they 

could sense the presence of a glycoprotein. The reaction of CNRs (8, 8) to the presence of 

the intended glycoproteins was investigated with possible changes in the electron density 

of state. Figure 9 illustrates the density of state diagrams for glycoproteins, single L1 size 

CNR (8, 8), and glycoprotein-nanoring composite systems. 
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Figure 9. Electron density of states diagrams for L1 size CNRs (8, 8) in absence and presence of 

N-Link and O-Link glycoprotein molecules. 

As clearly shown in Figure 9, the structures had a high electron affinity due to the negative 

LUMO levels. Moreover, the results show that the entry of glycoprotein molecule into the 

L1 size CNR (8, 8) reduces the LUMO level energy and increased the HOMO level. In this 

case, we see the most electron affinity and the most changes in the electron gap. 
Moreover, adding N-Link glycoprotein to the CNR (8, 8) led to a further decrease in the 

LUMO level and an increase in the HOMO level compared to O-Link. Therefore, the 

DOS of CNR (8, 8)  

Presence of glycoproteins with CNR (8, 8) 

DOS of N-Link with CNR (8, 8)  DOS of O-Link with CNR (8, 8)  
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electron density of states confirmed the detection and differentiation of glycoprotein 

molecules by the CNR (8, 8). 

To investigate the changes in the HOMO and LUMO levels after adding the 

glycoprotein molecules to the CNR (8, 8), the HOMO and LUMO orbitals representation of 

the individual glycoproteins, CNR (8, 8), and CNR (8, 8)-glycoprotein composite systems 

are shown in Figure 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

CNR (8,8) – L2 (a) 

LUMO 

HOMO 

CNR (8,8) – L1 N-Link Glycoprotein O-Link Glycoprotein 

HOMO LUMO 

N-Link with CNR (8,8) 

– L1 

(b)     Length Size 1 
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HOMO 

N-Link with CNR (8,8) 

O-Link with CNR (8,8) 

LUMO 
(c)     Length Size 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. (a) HOMO and LUMO orbitals for pure CNRs (8,8) and glycoproteins. (b), (c) HOMO 

and LUMO orbitals for composite systems CNR (8,8) and glycoproteins in length size 1 and 2 

respectively (Isovalue: 0.02). 

The introduction of high electronegative factors such as oxygen, or nitrogen 

presented by glycoprotein molecules to the L1 size CNR (8, 8) caused intense changes in 

the electronic properties of L1 size CNR (8, 8). The HOMO surface shows a charge 

localization on the amino or ketonic functional group of the glycoprotein molecules so 

that N-link and O-link groups suppress the electronic dynamics of the combined structure 

through nonbonding electron pairs on the functional groups. That means the nonbonding 

pair of electrons in nitrogen and oxygen atoms dominate the HOMO state and imposes a 
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new level inside the HOMO-LUMO gap of pristine L1 size CNR (8, 8), as concluded from 

Figure 8. This finding is confirmed by the density of state diagrams in Figure 9 and the 

HOMO orbital representation in Figure 10. Also, the presence of oxygen increased the 

chemical potential of the structure, and the electron can more easily excite, or the 

structure can be ionized with less energy than before. As a result, changes in the electron 

density of state and the HOMO-LUMO orbital representation indicated differences in the 

properties associated with electronic behaviors (e.g., optical properties). One of the 

important optical properties that are applicable in biosensors is the electronic absorption 

spectrum. Thereby, we show how the absorption spectrum of a CNR (8, 8) with length L1 

changes due to the presence of the intended glycoproteins. TD-DFT predicted spectra of 

CNR (8, 8) in the presence of glycoprotein molecules are shown in Figure 11. Since B3LYP 

often predicts more realistic absorption spectra, owing to cancellation of localization and 

delocalization errors, we used B3LYP in addition to PBE functional in this section.  

 

Figure 11. (a) PBE TD-DFT predicted absorption spectra, (b) B3LYP TD-DFT predicted 

absorption spectra. In both figures, as the glycoprotein approaches the CNR, the absorption 

spectra shift toward the visible region. 
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Both functionals show that the glycoprotein molecules have no physical absorption in the 

visible region, and the absorption of N-Link, O-Link, and N-Link with O-Link together is 

in the ultraviolet region [34]. Interestingly, when glycoproteins are present in the 

environment around the CNR (8, 8) with L1 length, the spectra of the complex system 

show redshifts shifts toward the visible region stemming from the Van der Waals 

interactions. These changes are more evident in Figure 11 (a). 

The effect of the added glycoproteins on the intensity of the absorption was more 

significant in Figure 11 (b) compared to Figure 11 (a), while redshifts were observed in 

both cases. Adding of O-Link glycoprotein also changed the sample’s colour from purple 

to blue. Also, changes in the colour of the sample were primarily associated with the case 

that both types of glycoproteins were added to the CNR. In this case, the colour of the 

sample changed from purple to light green. Results suggest that the distance between the 

oxygen portion of the protein fraction of the distance of the carbohydrate fraction of the 

glycoprotein from the surface of the CNR significantly affects the changes in the 

absorption spectrum as the presence of oxygen changes the electron density around the 

CNR. Therefore, it could be stated that CNR (8, 8) is a viable option for glycoprotein 

sequencing. 

3- Discussion 

In this study, we investigated the change in the electronic properties of 

several CNTs and selected CNRs in the presence of N-link and O-link glycoprotein 

molecules. Our results show that, depending on the size and chirality, the CNT or 

CNR can be a good option for use as biosensor materials. Specially we found, that 

depending on chirality and size, CNR can show appropriate electronic and optical 

sensitivity required for sensors. In the case of CNR (8, 8) the presence of these 

molecules, depending on the size of the CNR gives large optical alterations. The 

present study gives important findings in diagnosis materials for viral diseases 

based on CNTs. Given their biocompatibility, we concluded that, CNRs could be 

used in environmental health design.  

 

 

4- Methods 

4-1 Calculation Method of CNTs 
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In this section, we examine the mechanism for calculating the electronic 

properties of CNTs and the effect of adding glycoprotein molecules. Calculations were 

performed within the framework of the plane-wave pseudopotential DFT-PBE approach, 

using Quantum-Espresso computational package [35-36]. The effect of core ions was 

performed using the Perdeo-Berk-Ernzerhof pseudopotential. The Grimme’s vdW 

correction (PBE-D2) is added to our calculations to introduce the long-range effect of van 

der Waals interactions to calculations. The simulation was performed at room 

temperature (300 K). The cutoff energy on the plane-wave basis was set to 45 Ha. A  

1 1 12  Monkhorst k-point mesh was used to sample the Brillouin zone (BZ) [37]. 

Moreover, the volume of the supercell and the atomic positions of the structures were 

optimized under conditions where the forces acting on atoms are less than 5 meV/A. 

Periodic boundary conditions along the growth direction have been applied to all 

structures. 

4-2 symmetry-dependent electronic properties of CNT 

The chirality (n, m) of CNTs shows the way that a graphene sheet is enfolded. We 

can show the structure of an SWCNT by taking two hexagons of a graphene sheet and 

rolling up the sheet to overlap the two hexagons. A vector that connects the center of two 

hexagons is named a chiral vector, as seen in Figure 12. Chiral vector is written in terms 

of the primitive vectors a1 and a2, of graphene lattice in the form of h 1 2C n a ma  , and n 

and m are integer numbers. If n=m=l, where l is zero or any integer positive number, the 

resulting nanotube is called an armchair (n, n) CNT. A zigzag CNT (n, 0) is formed when 

n=l and m=0. Other combinations of n and m are called chiral CNT [38]. An SWCNT has 

metallic properties with zero electronic gaps, if n-m=3l [39], otherwise, the SWCNT 

behaves as a semiconductor with an electronic gap that depends on the chirality (n, m) 

and inversely proportions with CNT diameter [40]. Therefore, the geometry of CNT plays 

an important role in its electronic properties.  

In the reciprocal space, the allowed states are called cutting lines. The chirality of the CNT 

determines the orientation of the cutting lines [41]. Depending on whether the cutting 

line crosses the degenerate K and K’ points of BZ, an SWCNT behaves as either metallic 
(M), n-m=3l, or a semiconductor (S), n-m≠3l [42]. In a metallic CNT, the cutting line 

crosses the K point. Depending on what ratio the K point divides the cutting line, the 

metallic CNTs can be classified as M1 or M2. Following Ref. [42], we name the greatest 
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common divisor of the (2n+m, 2m+n) by dR and of the two integers (n, m) by d. In M1 

type CNT dR=d, while in M2 type CNT dR=3d.  

On the other hand, CNT cutting lines do not crosse the K point in a semiconductor 

CNT and the K point could be located at either one-third (S1) or two-thirds (S2) of the 

distance between two adjacent cutting lines [42]. 

An armchair CNT (n, n) is always M2-type metallic. For a zigzag CNT three types 

are possible: an M1 (3l,0) or S1 type (3l+1) or S2 type (3l+2). For a chiral CNT each of the 

four types M1, M2, S1, and S2 is possible [42]. 

 

Figure 12: The structure of SWCNT can be shown by a graphene sheet when is wrapped 

along the chiral vector h 1 2C n a ma  . 1a  and 2a show the graphene primitive vectors with 

Illustration of three types of CNT. 

4-3 Calculation Method of Carbon Nanorings 

We applied PBE and hybrid B3LYP functionals and imported atomic orbitals using 

the LANL2DZ basis set to find the geometrical orientation and electronic properties of 

the N-Link and O-Link glycoprotein molecules near CNRs [43-44]. The UV-Vis spectra 

were calculated in the TD-DFT framework. All the calculations were performed using the 

Gaussian 98 package [45]. The density of states (DOS) and UV-Visible diagrams for the 

investigated CNRs were obtained using GussSumm software [46]. 



23 

 

Data availability 
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