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Abstract 

Heme-based Metalloproteins play essential part as nano-biosensor for diatomic gases such as NO, 

O2, CO and so on. The electron and optic properties, and adsorption energy of Heme complex as the 

nano-biosensor for O2 and CO gases were studied using ab initio studies and density function theory 

(DFT) approach. The results show that Heme is highly capable of being used as a nano-biosensor for O2 

and CO gases. Carbon monoxide has a lower adsorption energy but higher electron transfers with Heme. 

Energy gap raised to 0.09 eV in the presence of O2 and to 0.39 Ev in the presence of CO, which indicates 

the higher sensitivity of Heme to CO. 
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1. Introduction 

Iron-containing enzymes (Hemes) contribute 

greatly to the adsorption of oxygen in biological 

systems due to their active sites [1, 2]. For 

instance, Heme helps to transfer oxygen to 

different parts of the body as a carrier of O2 in 

hemoglobins. The O2 is restored in cytochrome [3-

6]. Numerous studies have been done to identify 

the structure of this complex and its reaction 

stages with oxygen and other biogases [7-11]. 

Based on the data obtained on the possible 

structures of the Heme crystals, this complex is 

made up of a ligand, four crown like teeth with a 

Porphyrin base and one oxygen atom. It 

possesses a conjugated electron system [12-15] 

(Figure 1). Prior to the Heme reaction with oxygen, 

the coordination number of Fe(III) (ferric) that 

changes into Fe(II) (ferrous) for reaction, then the 

oxygen adsorption mechanism of this enzyme will 

be start [16-18]. Hence, the existence of such 

active sites on Heme like ferric, and its abundance 

and high biocompatibility enables us to design and 

produce Heme-based O2, CO, and CO2 biosensors 

[19, 20]. 

Heme proteins include a great variety of 

interaction with diatomic gas ligands, anions and 

bases. A great number of Heme proteins have 

been identified as a basis for sensing diatomic 

ligands such as O2, CO, and NO in the past two 

decades [21-23]. It has been proved that the 

structure of Heme protein can be effective on the 

bonding capability of ligands with the Heme group. 

The bonding strength of CO2 with Heme free in 

solution is 2*104 as much as that of oxygen 

whereas the myoglobin of this factor decreases 25 

times [16, 24].  

In 2005, Andrea Decker and Edward I Solomon 

carried out calculations on the oxygen adsorption 

mechanism of iron-containing Heme and iron-free 

Heme using DFT (density functional theory) 

approach. In the iron-free Heme version, iron was 

replaced with copper. They concluded that the 

oxygen adsorption mechanism is totally different in 

these two states. They asserted that the adsorption 
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mechanism of dioxygen on Heme depended on the 

metal present in its structure [25]. 

Thomas G. Spiro and Andrzej A. Jarzecki 

(2005) studied the reaction between X-O (X=O, N, 

C) using DFT approach. They concluded that each 

of these diatomic gases interacts with each other in 

a different angle [26]. 

In this study, the Heme complex with a 

structure as in Figure 1 was used as a nano-

biosensor for the detection of two diatomic O2 and 

CO gases. So, DFT calculation method, and 

effective core potentials basis sets were used to 

obtain structural, electron, and optic data, and to 

compare the data related to each gas. 

 
Figure1. The structure of Heme containing Fe 

2. Computational details 

In this work, the sensing effect of the Heme 

complex on diatomic CO and O2 gases was 

studied. All the calculations were done using a 

Gaussian 03 software package. It should be 

noted that all the calculations were done in a 

298.15 Kelvin temperature with a pressure of one 

atmosphere in a gaseous phase. First, the 

structure of Heme complex [27] (Figure 1) was 

optimized using DFT approach and 

B3LYP/lanl2dz basis set [28-30]. In order to 

identify the optimal distance of CO and O2 (in 

both states) from Heme complex [31, 32], and to 

obtain the structure energy, in different distances 

from 2.2 to 4.2 angstroms were studied [33, 34]. 

Figure 2 shows the energy graph in terms of 

distance for CO and O2 CO has approached the 

Heme complex from two sides; once from oxygen 

and the other from carbon atom. The optimal 

distance 3.6 A0 was obtained for O2. When CO 

approaches the Heme complex from O, the 

optimal distance is 2.8 A0 but when it approaches 

from C, the optimal distance is 3.4Ä. 

NBO (natural bond orbital) analysis [35, 36], 

optic, and electron calculations for the optimal 

distances were done using the same previous 

approach and basis set. The data related to the 

orbital geometry, and the UV-Vis and DOS (density 

of state) spectrums were obtained. The DOS 

spectrum data were extracted using the Gausssum 

3.0 software. 
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Fig.2 the graph of optimal energy in terms of the distance of CO and O2 gases from the Heme Complex  

3. Result and Discussion 

3.1. Electron transfers analysis 

Electron transfers from C-N bonds and nitrogen 

electron pairs of the Porphyrin ring to Fe are 

presented in Table 1. Electron transfers from 

nitrogen electron pairs possess greater values[37]. 

For instance, the transfer σC3N4LP*(6) Fe has the 

value of 2.64 Kcal/mol while the transfer LP (1) 

N21LP*(5) Fe has the value of 47.10 Kcal/mol. 

After the addition of CO and O2, the amount of 

these transfers has been considerably lowered 

(Table 2). That’s because CO and O2 exchange 

electrons with the Fe atom. This lowers the Fe 

tendency to receive electron from nitrogen pair 

electrons in the porphyrin ring. Decrease in 

electron transfers from nitrogen electron pairs in 

the presence of CO is a bit greater than O2 

because CO has greater tendency towards Heme. 

Carbon monoxide has approached Heme from 

both C and O heads. A small difference is 

observed for these two states. Moreover, electron 

transfers from CO and O2 to iron are presented in 

Table 2. Most of these transfers are small but 

among these transfers, transfers from O electron 

pairs in dioxygen, and C and O in CO have greater 

values. For instance, the transfer LP (1) O73LP*(8) 

Fe is 8.37 kcal/mol when CO approaches Heme 

from O but the transfer LP (1) C74LP*(8) Fe is 6.14 

kcal/mol when CO approaches Heme from C. It 

can be easily seen that the electron transfer from 

CO is greater than that of O2 in both states. 

In Figure 4, the images of HOMO and LUMO 

orbitals are shown in both the presence and 

absence of CO and O2. HOMO and LUMO energy, 

energy gap, adsorption energy, and Muliken 

Charge are given in Table 3. The frontal orbitals of 

LUMO in the Heme complex have focused on Fe 

since the 3d orbitals of Fe are free. These 

extensive LUMO cause the Fe to be ready to 

receive electron from electronegative ligands. After 

the addition of CO and O2 ligands, the frontal 

orbitals of LUMO are found on the surface of Heme 

not on Fe, which indicates electron transfer to Fe 
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and a decrease in its tendency to receive 

electrons. The energy level of HOMO has the 

constant value of -5.5 e V both after and before the 

addition of CO and O2 gases. Since the HOMO 

orbitals do not have an effect on the physical 

adsorption of these gases, HOMO energy level 

does not undergo a change whereas the LUMO 

energy level increases after the physical 

adsorption of gases. 

 

 
Figure 3. Electron density gradient: a) Heme Complex b) Heme +O2 c) Heme + CO d) Heme + OC 

 

Table 1. Electron transfers from porphyrin ring to Fe 

Electron transfer 

 Hem Hem+O2 Hem+CO Hem+OC 

σC3N4LP*(6) Fe 5.89 1.91 3.62 5.46 

σC3N4LP*(8) Fe 3.09 - 0.20 2.89 

σC5N4LP*(6) Fe 5.70 1.18 4.79 6.30 

σc8N9LP*(7) Fe 5.88 1.90 3.80 5.73 

σc8N9LP*(8) Fe 3.08 0.05 2.85 2.72 

σc10N9LP*(7) Fe 5.70 1.17 5.03 6.56 

σc14N15LP*(6) Fe 5.86 1.93 3.68 5.49 

LP (1) N4LP*(5) Fe 47.81 23.07 46.34 46.93 

LP (1) N9LP*(4) Fe 44.87 22.31 44.87 45.18 

LP (1) N15LP*(5) Fe 46.78 23.18 42.94 43.89 

LP (1) N21LP*(5) Fe 47.10 23.60 45.08 45.71 
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Table.2 Electron transfers from CO and O2 gases to Fe 

Electron transfer 

 CO OC  O2 

πCOLP*(6) Fe - 0.19 σO2LP*(8) Fe 0.04 

πCOLP*(7) Fe - 0.06 πO2LP*(7) Fe 0.05 

πCOLP*(8) Fe 0.21 0.12 - - 

πCOLP*(9) Fe - 0.24 - - 

π2COLP*(5) Fe - 0.05 - - 

π2COLP*(7) Fe 0.07 0.07 - - 

π2COLP*(8) Fe - 1.91 - - 

π2COLP*(9) Fe 0.03 - - - 

LP (1) O73LP*(5) Fe - 0.65 LP (1) O73LP*(5) Fe 0.13 

LP (1) O73LP*(6) Fe - 0.11 LP (1) O73LP*(6) Fe 0.03 

LP (1) O73LP*(7) Fe - 0.22 LP (1) O73LP*(8) Fe 1.19 

LP (1) O73LP*(8) Fe - 8.37 LP (2) O73LP*(5) Fe 0.07 

LP (1) O73LP*(9) Fe - 0.67 LP (2) O73LP*(6) Fe 0.08 

LP (1) C74LP*(5) Fe 1.25 0.41 LP (2) O73LP*(8) Fe 0.46 

LP (1) C74LP*(6) Fe 0.35 0.11 LP (1) O74LP*(5) Fe 0.03 

LP (1) C74LP*(7) Fe 0.09 - LP (1) O74LP*(8) Fe 0.07 

LP (1) C74LP*(8) Fe 6.14 1.29 LP (2) O74LP*(6) Fe 0.04 

LP (1) C74LP*(9) Fe 0.78 0.22 LP (2) O74LP*(8) Fe 0.04 

Table 3. Energy of HOMO and LUMO, energy of adsorption and Muliken charge 

FeMC adsE gE∆ gE LUMOE HOMOE  

0.624 - 0 5.13 -0.37 -5.5 Heme 

0.971 45.23 0.09 5.22 -0.28 -5.5 2Heme+O 

0.966 23.67 0.39 5.52 0.02 -5.5 Heme+CO 

0.978 21.41 0.39 5.52 0.02 -5.5 Heme+OC 
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Figure 4. The images of HOMO and LUMO orbitals: a) Heme complex b) Heme+O2 c) Heme+OC d) Heme+CO 
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We get the adsorption energy from the Eq 1 [38]: 

(1)                                  gasE-HEME-(Heme+gas) =EAdsE 

This shows that the adsorption energy for CO is 

lower than O2, and that adsorption energy for CO 

is lower than O. Mulliken charge [39] has 

remarkably increased on the Fe atom subsequent 

to the gas adsorption on Heme. This is because of 

electron transfer from gas to the Fe atom. 

Figure 5 shows the DOS diagram of the Heme 

complex both in the presence and absence of CO 

and O2 gases. The gap energy for the Heme 

complex is 5.13 e V while it rises to 5.22 eV in the 

presence of dioxygen, and to 5.52 e V in the 

presence of CO. As for the NBO data available, a 

greater change in energy gap was expected in the 

presence of CO. The Heme complex can be easily 

used to detect CO and O2 gases via this gap 

energy change. Moreover, with the greater change 

in gap energy in the presence of CO, the Heme 

complex becomes more sensitive to CO. 

 
Figure 5. The density of states (DOS) diagram of the Heme complex before and after the adition of CO and O2 gases 

 

3.2. Optical investigations 

The UV-Vis of Heme in the presence and 

absence of is given in the Figure 6. The conjugated 

structure of Heme complex displays a maximum 

peak in the region of 313 nm Which is a result of π 

electron transfers to the conjugated complex π* 

bonds. The maximum peak moves toward higher 

wavelengths in the presence of CO and O2. 

Additionally, the intensity of this peak has 

decreased. Such changes occur more in the 

presence of O2. The changes in the maximum peak 

are the same in the presence of CO, namely, 

whether it approaches the Heme complex from C 

or from O. The very same trend is seen in electron 

transfers illustrated by NBO data.  
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and CO 2Vis adsorptive spectrum of the Heme complex before and after the addition O-UVThe  .6ure Fig 

4. Conclusion 

The Heme complex was studied as a nano-

biosensor for the CO and O2 gases. The NBO data 

displayed a clear difference in electron transfers in 

the presence and absence of these gases. After 

the addition of the gases, electron transfers from 

Porphyrin ring decreased remarkably. This finding 

is also supported by electron density calculations. 

These changes make the density of states different 

and raise the energy gap to 0.09 eV in the 

presence of O2 and to 0.39 eV in the presence of 

CO. This energy gap change can be used as an 

electrochemical nano-biosensor for the CO and O2 

gases. The maximum wavelength and intensity of 

Heme complex UV-Vis spectrum have changed 

subsequent to the addition of these gases; the 

intensity of maximum peak has decreased and 

moved towards higher wavelengths. These 

changes can be used as a suitable optical sensor 

for the detection of these gases. Due to the good 

results obtained from this nano-bio-sensors, it can 

be an efficient Heme-based sensor manufacturing. 
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