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Abstract: Mitochondria are the major cellular organelles responsible for ATP production. They 

produce ATP through the process of oxidative phosphorylation, in which the proton motive force (pmf) 

is the driving force by which protons pass through ATPase. The pmf is generated by the pumping 

activity of the electron transport chain ETC, particularly complexes I, III, and IV. As the proton can be 

physically described as a quantum wave, it is important to explore the role of the quantum behavior in 

its transport through the ETC proteins, particularly the respiratory complex I. In the present study, the 

potential functions of three subunits of complex I were identified, and the Schrödinger equation was 

solved numerically by the finite difference method using MATLAB to obtain the eigenstates and their 

corresponding eigenvalues. In addition, quantum tunneling probability and quantum conductance 

values were calculated using WKB approximation for the eigenenergies of the proton in each potential 

barrier. Moreover, entropic tunneling delay time and tunneling currents were calculated. Our results 

indicate that quantum tunneling transport yields significant values of quantum conductance that can 

contribute significantly to the pmf while utilizing less than 45 % of the required energy to overcome 

the barriers of the subunits in respiratory complex I.  

Keywords: quantum tunneling; mitochondria; respiratory complex I; quantum biology; membrane 

potential; proton. 
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1. Introduction 

Mitochondria are the major cellular organelles that produce energy in the form of 

adenosine triphosphate (ATP) [1,2]. The production of ATP molecules is achieved by 

generating a driving force of protons from the intermembrane space (IMS) to the matrix of the 

mitochondria to pass through a crucial protein called ATPase enzyme that converts adenosine 

diphosphate (ADP) to ATP [1,2]. Hence, the energy of proton flow is utilized by ATPase to 

produce the ATP [1,2]. The proton flow from IMS to the matrix is driven by the electrochemical 

gradient of protons, which means that the concentration of protons in IMS is higher than in the 

matrix, and the membrane potential of the inner mitochondrial membrane (IMM) is negative 

at the matrix side relative to the IMS side [1,2]. This electrochemical gradient is sustained by 

the electron transport chain (ETC), which pumps protons against their concentration gradient 

to the IMS side [3]. The ETC is composed of several proteins through which electrons pass and 

mediate redox reactions, and thus, energy is released to pump protons against their 

concentration gradient. These proteins include complex I, complex II, coenzyme Q, complex 

III, cytochrome c, and complex IV. Complexes 1, III, and IV are the only ETC proteins that 

utilize the energy released from redox reactions to pump protons and contribute to the 

electrochemical gradient [4]. Respiratory complex 1 has recently gained attention to explore 

the molecular dynamics of proton flow [5–7]. Previous studies showed that it is composed of 

several subunits that act as antiporters for protons, especially ND2, ND4, and ND5 subunits 

[5–7]. They form horizontal and lateral pathways for proton transfer mediated by 

protonation/deprotonation of amino acid residues of respiratory complex 1, resulting in water-

wired conduction routes. These pathways form energetic barriers for the proton passage, which 

are modulated by ion pairs [5]. The closed ion pairs increase the heights of the barrier, while 

the open ones lower them. Recently, the free energy profiles of protons have been determined, 

revealing the shapes of the barriers in ND2, ND4, and ND5 subunits [5]. There are two major 

types of transport of protons through such barriers, which are classical transport and quantum 

tunneling transport. Classical transport implies that protons can pass through a barrier only 

when their energy overcomes the height of the barrier, while quantum tunneling transport refers 

to the possibility of the passage of protons when their energy is lower than the potential energy 

of the barrier. 

Investigating the quantum phenomena within biological systems falls within the scope 

of quantum biology [8,9]. Quantum biology is the scientific field that explores biological 

processes and functions using the principles of quantum mechanics. Protons have received 

considerable attention in the context of quantum biology as researchers investigated the role of 

proton tunneling in the catalytic activity of enzymes and DNA point mutations [10,11]. In 

addition, the mitochondrion is an interesting molecular target that may exploit the quantum 

behavior of protons and electrons for optimal functioning [12–14]. In the present work, we aim 

to study the possible contribution of the quantum behavior of protons in the process of ATP 

production. Specifically, the current work aims to investigate the quantum tunneling transport 

of protons through the respiratory complex I and its contribution to the proton motive force 

(pmf).  
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2. Materials and Methods 

The respiratory complex I is a major component of ETC that pumps protons against 

their concentration gradient from the matrix to the IMS, exploiting the energy released from 

the transfer of electrons. See Figure 1. Based on the energetics of the antiporter-like subunits 

of the respiratory complex I, three subunits were studied, and their energy profiles were 

obtained [5]. Each of these subunits contains a horizontal pathway with a potential barrier made 

by the protonated/deprotonated amino acids [5]. Using cubic spline fitting, we can represent 

the profiles mathematically by potential functions V(x) using MATLAB software. We use this 

fitting to capture the complexity of the potential functions.  

 
Figure 1. The figure represents a schematic diagram of the electron transport chain ETC and the transport of 

electrons (represented by the blue arrows) and protons.  

The potential function of the subunit ND2 can be written as follows:  
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The potential function of the subunit ND4 can be written as follows:  
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And the potential function of the subunit ND5 can be written as follows:  
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Where A is the scaling factor of 7 x 10-21 J/Kcal mol-1 to convert the unit of the potential 

energy from Kcal mol-1 to J and a  is the scaling factor of 1 x 1010.  

Accordingly, the potential functions of the three barriers can be plotted to help visualize 

their shapes and to explore their characteristics, as shown in Figure 2. 

  

 
Figure 2. The figure represents the potential functions for three barriers in the respiratory complex I of 

mitochondria. (a) the potential barrier 1, which represents the energetic barrier of subunit ND2; (b) the 

potential barrier 2, which represents the energetic barrier of subunit ND4; (c) the potential barrier 3, which 

represents the energetic barrier of subunit ND5.  

 

By comparing the plots in Figure 2 with the energy profiles obtained using density 

functional theory (DFT) and the hybrid QM/MM simulation in this study [5], these plots 

capture the essential features of the energy profiles, including the shape of the barrier, the range 

and the scale of the proton position within the pathway, and the range and the scale of the 

potential energy of the proton. The only difference is that we use the SI unit of energy Joule 

(J), instead of Kcal/mol. 

To elucidate the multiple heights in each barrier, see Figure 3. Each height represents 

the minimum energy required for a proton to pass over classically. In addition, each height is 
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calculated as the absolute difference between the minimum and the maximum from left to right 

of the plot. See Figure 3.  

  

 
Figure 3. The figure represents a schematic diagram of the barrier heights in each subunit of the respiratory 

complex I. 

 

The quantum tunneling probability of a proton through the potential barrier can be 

calculated using 1-D Wentzel–Kramers–Brillouin (WKB) method  by the following equation 

[15,16]:  

2

1

2 2
exp( ( ) )

x

Q

x

m
T V x Edx= − −                                      (4) 

Where TQ is the quantum tunneling probability, m is the mass of the proton, ђ is the 

reduced Planck constant, V(x) is the potential function, E is the energy of the proton, and x1 

and x2 are where V(x)=E.  

Accordingly, protons can behave as waves that can tunnel through the potential barrier 

of the three subunits of complex I. See Figure 4.  

 
Figure 4. A schematic diagram represents the quantum tunneling of protons through the horizontal pathways of 

the three subunits of complex I, which are ND2, ND4, and ND5. Quantum tunneling is represented by the wavy 

arrow.  
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Eventually, the quantum unitary conductance CQ and the quantum membrane 

conductance MCQ of respiratory complex I can be calculated by the following equations, 

respectively [15–17]: 
2

Q Q

q
C T

h
=                                       (5) 

Q QMC C D=                                     (6) 

Where q is the charge of the proton, h is the Planck constant, and D is the number of 

complex I proteins per surface area unit. 

The quantum unitary conductance is the conductance of a single subunit of the three 

subunits of complex I, and the quantum membrane conductance is the sum of all conductance 

values that come from a certain number of subunits.  

Recent studies focused on the proton tunneling delay time [18,19], which is the time 

required for the proton to pass the barrier via quantum tunneling. They identified two 

approaches to calculate it. These are the dwell time and the entropic time. The entropic 

tunneling delay time provided more consistent results, especially with the experimental 

observations [18,19]. Hence, the entropic tunneling delay time tQ will be used in the present 

study. It can be calculated by the following equation [18,19]: 

Plog

c
Q

t
t

P
= −                                 (7) 

Where 
2
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x
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x

mdx
t

m V x E
=

−
  and P is the probability of finding the proton in the 

barrier region, which can be calculated by the following equation [18,19]:  
2
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Where ψ(x) is the wave function and ψ*(x) is the complex conjugate of the wave 

function, which can be obtained by solving the Schrödinger equation.  

The wave function can be obtained by solving the time-independent Schrödinger 

equation:  
2 2

2
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d x
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In the case of having multiple heights in each barrier, as in Figure 3, equation (7) 

becomes:  
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Where n is the number of heights in each barrier.  

The Schrödinger equation will be solved numerically using the finite difference method 

using MATLAB software.  

In addition, the quantum tunneling current IQ can be calculated using the following 

equation:  

Q Q

Q

q
I T

t
=                                                    (11) 
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Eventually, the quantum tunneling of protons through respiratory complex I can affect 

the membrane potential of IMM at different energy levels according to the following equation 

[20]:  

( )
m

B

qV

K T

QIMS Matrix
MC H e H MC MC

−

+ +   = +      (12) 

Where MC is the classical membrane conductance of protons, [H+]IMS is the 

concentration of protons in IMS, [H+]Matrix is the concentration of protons in the matrix, MCQ 

is the quantum membrane conductance of protons, mV  is the electrical potential of IMM, q is 

the charge of the proton, KB is the Boltzmann constant, and T is the body temperature.  

3. Results and Discussion 

In this section, numerical results are calculated and plotted to help explore the relevance 

and the influence of the quantum tunneling of protons in generating the electrical potential of 

IMM. Table 1 shows the numerical values of the parameters related to mitochondria and their 

surrounding environment.  

Table 1. The parameters related to mitochondria and their values.  

Parameter Value 

The protons concentration in the matrix [H+]Matrix 1.58 x 10-5 mmol/L 

The protons concentration in the IMS [H+]IMS 1 x 10-4 mmol/L 

The charge of proton q 1.6 x 10-19 C 

The Planck constant h 6.6 x 10-34 Js 

The reduced Planck constant ђ 1.05 x 10-34 Js 

The Boltzmann constant KB 1.38 x 10-23 J/K 

The Body temperature T 310 K 

The classical membrane conductance of protons MC 4 nS/cm2 [21] 

Number of complex I proteins per surface area unit of IMM 

(D) 
1012 - 1014 m-2 [22–24] 

3.1. The quantum tunneling probability of protons. 

By solving the time-independent Schrödinger equation, eigenenergies can be obtained 

for the proton in each potential barrier. Then, the tunneling probability for each eigenenergy 

can be calculated using equation (4) after solving the integral for each barrier. See Figure 5. 
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Figure 5. The figure represents the relationship between the common logarithm of tunneling probability and 

the eigenenergies for (a) barrier 1; (b) barrier 2; (c) barrier 3. 

3.2. The quantum conductance of protons. 

Based on equations (5) and (6), the quantum unitary conductance and the quantum 

membrane conductance can be calculated for each barrier. See Figure 6 and Figure 7. 

  

 
Figure 6. The figure represents the relationship between the common logarithm of quantum unitary 

conductance and the eigenenergies for (a) barrier 1; (b) barrier 2; (c) barrier 3. 
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Figure 7. The figure represents the relationship between the common logarithm of the quantum membrane 

conductance and the eigenenergies for (a) barrier 1; (b) barrier 2 ; (c) barrier 3. 

3.3. The quantum tunneling delay time. 

Based on equations (7)-(10), the quantum tunneling delay time of the proton can be 

calculated. See Figure 8.  
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Figure 8. The figure represents the relationship between the common logarithm of tunneling delay time and 

the eigenenergies for (a) barrier 1; (b) barrier 2; (c) barrier 3. 

3.4. The quantum tunneling currents. 

Based on equation (11), the quantum tunneling currents of protons can be calculated 

for each barrier. See Figure 9.  

  

 
Figure 9. The figure represents the relationship between the common logarithm of quantum tunneling current 

and the eigenenergies for (a) barrier 1; (b) barrier 2 ; (c) barrier 3. 
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3.5. Influence of quantum tunneling of protons through respiratory complex I on the electrical 

potential of IMM. 

Eventually, the influence of the quantum tunneling of protons through the subunits of 

complex I on the membrane potential of IMM can be studied. Hence, the effect of the quantum 

tunneling of protons on the proton motive force (pmf) can be explored. See Figure 10.  

  

 
Figure 10. The figure represents the influence of the quantum tunneling of protons on the electrical potential 

of IMM. The relationship between the electrical potential of IMM and the eigenenergies for (a) barrier 1; (b) 

barrier 2; (c) barrier 3. 

3.6. Discussion.  

Quantum biology is an emerging field that aims to investigate the quantum mechanical 

aspects of biological processes. Mitochondria represent an interesting molecular target to 

explore the role of the quantum behavior of protons in maintaining the vital function of energy 

production. In the present work, we investigated the transport of protons via quantum tunneling 

through a major component of ETC, which is respiratory complex I. Based on the literature, 

three major potential barriers were identified and used to study the quantum tunneling transport 

of protons. Eigen-energies were obtained for each barrier by solving the Schrödinger equation, 

and each barrier showed a different set of them. The quantum tunneling probability of protons 

through barrier 1 is within the range of 9.9. x 10-30 to near 1, and from 1.23 x 10-64 to near 1 for 

barrier 2, and from 1.44 x 10-30 to near 1 for barrier 3. These values of tunneling probabilities 

https://doi.org/10.33263/BRIAC154.059
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC154.059  

 https://biointerfaceresearch.com/ 12 of 16 

 

correspond to the lowest energy state higher than zero and the highest state near the highest 

point in the potential function, respectively. See Figure 5. 

On the other hand, the probability that a proton can obtain sufficient energy to go 

through barrier 1 according to the Boltzmann distribution (the classical probability) is 

estimated by 
20

9(5 3.5) 10
exp( ) 2.6 10

BK T

−
−− + 

=   , and the probabilities for barrier 2 and barrier 

3 are estimated by 
20

15(5 6.5 2.4) 10
exp( ) 9.38 10

BK T

−
−− + + 

=   and

20
6(4.6 0.8) 10

exp( ) 3.43 10
BK T

−
−− + 

=  , respectively. See Figure 3. By close observation of these 

values, it is clear that quantum tunneling is an energy-saving type of transport, while classical 

transport is less efficient in terms of energy requirements. This is because quantum tunneling 

transport can yield a tunneling probability of 1.2 x 10-9 through barrier 1 at the eigenenergy of 

3.26 x 10-20 J, which means quantum tunneling utilizes only around 38% of the total energy 

required to overcome barrier 1 classically to achieve the same or near the value of the classical 

probability. For barrier 2, protons can tunnel with a probability of 1.92 x 10-16 at an eigenenergy 

of 4.07 x 10-20 J, which means quantum tunneling utilizes only 29% of the total energy required 

to overcome barrier 2 classically to achieve the same or near the value of the classical 

probability. For barrier 3, protons can tunnel with a probability of 3.77 x 10-6 at an eigenenergy 

of 2.84 x 10-20 J, which means quantum tunneling utilizes only 47% of the total energy required 

to overcome barrier 3 classically to achieve the same or near the value of the classical 

probability.  

In addition, the quantum unitary conductance of protons of barrier 1 ranges from around 

3.85 x 10-34 S to around 3.88 x 10-5 S and from 4.75 x 10-69 S to around 3.88 x 10-5 S for barrier 

2 and from around 5.57 x 10-35 S to around 3.88 x 10-5 S for barrier 3. See Figure 6. Moreover, 

the quantum membrane conductance is within the range of (3.85 x 10-22 - 3.88 x 109) S/m2 for 

barrier 1, and within the range of (4.76 x 10-55- 3.88 x 109) S/m2 for barrier 2 and within the 

range of (5.57 x 10-23 - 3.88 x 109) S/m2 for barrier 3, as represented in Figure 7. However, the 

classical membrane conductance value of the IMM itself is within the magnitude of 10-5 S/m2 

[21] and within the magnitude of 10-2 S/m2 for ETC complexes [20] to generate the electrical 

potential of IMM. If these values are compared, quantum tunneling provides a very wide range 

of quantum conductance values, which absolutely includes the physiological values required 

for generating the electrical potential of IMM.  

The quantum tunneling delay time, which is time spent by the proton in the barrier, is 

another important physical entity studied in the present work. For barrier 1, the proton has a 

delay time within an order of magnitude of 10-13 s for most of its eign-energies except for the 

second energy state, which corresponds to a very long tunneling delay time of 2.1 x 103 s. This 

is attributed to the complexity of the potential function and the quantum wave behavior inferred 

from the wave function. However, protons that tunnel through barrier 2 have different patterns 

of tunneling delay time. They tunnel through barrier 2 with delay time within a wide range of 

(103 - 10-13) s for eignenergies between zero and 5 x 10-20 J, while they tunnel with a tunneling 

delay time of 10-13 s for eigenenegies higher than 5 x 10-20. Moreover, protons tunnel through 

barrier 3 with a delay time of 10-13 s except for eigenenergies 1.486 x 10-21 J and 2.387 x 10-20 

J, which correspond to tunneling delay times 476.6 s and 6.37 x 10-11 s, respectively. See Figure 

8. As we said before, these exceptions emerge due to the complexity of the potential and 
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quantum wave functions. Therefore, most of the quantum states experience a tunneling delay 

time in the order of magnitude of 10-13 s when the proton tunnels through the potential barriers 

of the respiratory complex I. These values obtained are consistent with the values calculated 

for proton tunneling in DNA nucleotide base pairs [18,19]. The tunneling delay time of proton 

transfer between Guanine and Cytosine in DNA double helix is within the magnitude of 10-13 

s [18], while the tunneling delay time of proton transfer within the Guanine base itself is within 

the magnitude of 10-12 s [19]. In addition, the entropic tunneling time has been applied to the 

tunneling of potassium ions in telomeric G-quadruplex systems, and it was found to be within 

the magnitude of 10-10 s [25].  

Additionally, as a result of quantum tunneling, a tunneling current of protons is 

expected to be estimated. The values of the tunneling current are within the range of (1.6 x 10-

48 – 5.96 x 10-7) A, (2.27 x 10-85 – 1.38 x 10-6) A, and (2.55 x 10-51 – 1.58 x 10-6) A for barrier 

1, barrier 2 and barrier 3, respectively. See Figure 9. Again, quantum tunneling offers a very 

wide range of electrical current values. As we said before, the quantum tunneling transport can 

occur at proton energy values less than the height of the barrier, and this allows the existence 

of several values of tunneling probability, tunneling current, and quantum conductance. 

Eventually, it is expected that the electrical activity mediated by quantum tunneling can 

affect the electrical potential of IMM. According to Figure 10, each barrier alone can set the 

electrical potential of IMM within the physiological range of 150-200 mV. However, only 

certain values are allowed according to the permitted energies of protons. For barrier 1, the 

eigenenergies between (2.5 – 3.5) x 10-20 J are capable of generating a membrane potential 

within the physiological range of normal functioning. For barrier 2 and barrier 3, they are the 

eigenenergies within the range of (4.5 – 5) x 10-20 J and (2 – 2.5) x 10-20 J, respectively. 

According to these ranges, quantum tunneling can influence the potential of IMM while 

minimizing the energy requirements compared to classical transport. Classically, an energy 

equivalent or higher than the sum of barrier heights is required for classical transport to occur 

and thus to have an effect on certain biological systems. Based on these observations, quantum 

tunneling allows mitochondria to use a fraction of the energy required to overcome the barrier 

compared to classical transport, which uses 100% or even higher to overcome the barrier. For 

barrier 1, protons with an average eigenenergy of 3 x 10-20 J use 35% of the total energy 

required to go through the barrier classically to generate a membrane potential within the 

physiological range, while protons of barrier 2 with an average eigenenergy of 4.75 x 10-20 J 

and protons of barrier 3 with an average eigenenergy of 2.25 x 10-20 J use 34% and 42% of the 

total energy to generate a physiological membrane potential, respectively.  

Furthermore, even though each barrier has a limited number of allowed values for 

electrical potential, combining the influence of the three subunits and the contribution of the 

number of complex I proteins will provide a much wider range of allowed values for electrical 

potential. This might provide the mitochondria with better control over the available resources 

of proteins and energy, thus increasing their efficiency in producing and sustaining the sources 

of energy for cells and their resilience in fighting cellular stress before reaching the apoptotic 

or necrotic stage. Moreover, each barrier has a buffering property by which quantum tunneling 

of protons can exceed substantially the classical membrane conductance of 4 x 10-5 S/m2, 

resulting in large hyperpolarization reaching 800 mV, or it can be much lower than the classical 

conductance, resulting in large depolarization reaching 0 mV or reversed electrical potential of 

IMM. This allows mitochondria to adjust the membrane potential to keep it within the 
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physiological range when the classical membrane conductance changes substantially from its 

baseline value due to cellular pathologies [26–30]. 

4. Conclusions 

Accordingly, quantum tunneling might be a crucial quantum biological process for 

optimizing and sustaining the functionality of the mitochondrion and supporting its adaptation 

under cellular stress. This is guaranteed by the lower energy requirement for the tunneling of 

protons, the more controlled utilization of the number of subunits of complex I and the total 

number of complex I proteins, and the ability to adapt to the dramatic changes in the 

mitochondrial membrane permeability and maintain a physiological electrical potential for 

IMM. 
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