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ABSTRACT

This study investigates the impact of temperature induced quantum proton tunneling probability on DNA 
amplification during Polymerase Chain Reactions (PCR). Using a simulation model based on a Gaussian wave 
function and finite-difference time-domain method, quantum tunneling of protons across square potential barriers 
is examined. The results unveil consistent probability distributions for quantum tunneling across various PCR 
temperatures, with distinct oscillation patterns emerging post-barrier crossing. Acknowledging limitations in 
initial conditions due to temperature-dependent proton energy, the study highlights the need for refined models 
and experimental validation. These findings accentuate the potential interplay between quantum mechanics and 
biological systems, prompting further research to understand quantum tunnelling’s comprehensive effect on genetic 
variations and molecular processes.
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INTRODUCTION

In genetic research, Deoxyribose Nucleic Acid (DNA) amplification 
serves as a significant technique that empowers researchers to 
examine and manipulate genetic information effectively. This 
method involves generating multiple copies of a specific DNA 
sequence, enabling in-depth investigations into genetic material 
and the functions of particular genes. Its remarkable sensitivity 
to detect even minute amounts of target molecules makes it 
indispensable in molecular diagnostics [1].

Among the prominent techniques for DNA amplification, the 
Polymerase Chain Reaction (PCR) stands out as the high standard. 
PCR plays a pivotal role in duplicating individual DNA segments 
through various reactions under varying temperatures, which can 
then be sequenced to identify genetic variants or point mutations. 
Point mutations encompass alterations in a single DNA base, 
including additions, deletions, or changes. This is hypothesized to 
be caused by tautomeric mutations. Tautomers are isomers that can 
rapidly convert in a solution often differing in proton position [2]. 
Analyzing these mutations within the context of existing scientific 
knowledge provides insights into their implications across various 
disciplines related to personal health such as nutrition.

Quantum tunneling, a concept derived from quantum mechanics, 

holds fascinating potential for comprehending tautomeric 
mutations in DNA. This phenomenon allows particles to surpass 
energy barriers that classical physics considers insurmountable. 
Consequently, nucleotide bases can overcome energy obstacles and 
form unconventional base pairs during replication. The likelihood 
of quantum tunneling differs across various systems. However, 
in a biological context, this phenomenon leads to the creation 
of unconventional base pairs. These pairs play a role in genetic 
variation, vulnerability to illnesses, and responsiveness to therapies 
[3].

This paper aims to explore the effects of temperature fluctuations 
in PCR on the probability of quantum tunneling during DNA 
amplification. The significance of this research lies in its potential 
to inform the development of more sensitive and accurate 
molecular diagnostic techniques, provide insights into how point 
mutations occur at the molecular level, and expand knowledge 
of the interplay between quantum effects and biological systems, 
potentially opening up new avenues for scientific exploration and 
technological applications.

MATERIALS AND METHODS 

In the study conducted to examine the impact of temperature on 
the probability of quantum tunneling in DNA, a simulation model 
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was employed. This model utilized a Gaussian wave function and 
the finite-difference time-domain method. The entire simulation 
was executed on Google Colab, utilizing a system configuration 
consisting of 12.7 GB of System RAM and 107.7 GB of Disk space.

The simulation methodology was rooted in the 1D time-dependent 
Schrödinger equation, as originally proposed by Nishantsule in 
2019 [4]. However, certain adjustments were made to the model to 
align it with the specific research objectives of this study.

To initiate the simulations, initial parameters were chosen in 
accordance with the findings of these parameters encompassed the 
barrier height in eV, barrier width in Angstrom, proton energy in 
eV, and proton wave function spread in Angstrom [5].

A noteworthy constraint in the study was the computational 
limitations, which led to the decision to focus solely on the median 
temperature recorded during each PCR step. This pragmatic 
approach allowed for a meaningful exploration of the temperature-
dependent aspects of quantum tunneling in DNA, effectively 
balancing the research goals with the available computational 
resources. However, these limitations have implications to the 
results and conclusion of this paper such as reduced statistical 
significance as the number of simulations, variations, and 
repetitions was restricted and can lead to limited generalizability 
of the findings. This also limits the exploration of parameter space 
and led to the oversimplification of the PCR system [6].

The integration of these methodologies and considerations 
constituted the foundation of the investigation into the intriguing 
phenomenon of quantum tunneling in DNA under varying 
temperature conditions [7]. 

RESULTS

To establish uniform starting conditions, normalization was 
conducted through the implementation of the Boltzmann 
Distribution (Figure 1).

The simulation results demonstrated a consistent probability 
distribution for quantum tunneling, shown in blue, across a range of 
PCR temperatures, with probabilities spanning approximately 0.5 
to 0. Interestingly, distinct oscillating patterns emerged after passing 
through the energy barrier [8]. These oscillations were particularly 
noticeable during the annealing and extension phases compared 
to the denaturation phase. The increased oscillations in the 
probability wave function after crossing the barrier suggest complex 
interactions involving multiple-path interference and quantum 
reflection. These observed oscillations suggest the potential for 
resonant tunneling [9]. These intricate oscillations arise from 
the interplay between energy level interactions, bounded states, 
and the particle's wavelength interacting with the energy barrier, 
resulting in complex interference phenomena [10]. Examining the 
oscillations' imaginary (green) and real (red) components provides 
valuable insights into the intrinsic nature of the tunneling process. 
Notably, the imaginary component dominates before breaching 
the barrier, while the real component becomes more prominent 
after passing the barrier. This difference suggests potential issues 
with the initial conditions imposed on the model [11]. Given the 
temperature-dependent changes in proton energy, temperature 
variations could significantly impact the overall energy distribution 
within the system [12]. As a result, the initial conditions for the 
denaturation simulation may not align with classical principles. On 
the contrary, a robust simulation model should accurately depict 
scenarios where real oscillations take precedence before surpassing 
the energy barrier. This behavior is expected when the particle's 
energy is lower than the barrier's height, indicating compliance 
with classically allowed realms [13]. Upon overcoming the barrier, 
the notable increase in imaginary oscillations marks the beginning 
of the quantum tunneling phenomenon. This is when the particle's 
wave function enters classically forbidden areas, and its amplitude 
experiences exponential decay while moving through the barrier 
[14]. The importance of the imaginary component increases as the 
amplitude decreases in the barrier zone.

Figure 1: Temperature dependent quantum proton tunnelling simulation. Note: (A) Denaturation at 95℃; (B) Annealing at 60 ℃; (C) Extension at 
71 °. Note: ( ) - [𝛹]2 ; ( ) -barrier; ( ) - ;  ( ) -  
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DISCUSSION

The observed constant tunneling probabilities across different PCR 
temperature dependent stages may indicates that the quantum 
tunneling probability in DNA is not heavily influenced by thermal 
fluctuations. This can also root to the nature of the DNA itself. 
In DNA, hydrogen bonds connect nucleotide base pairs (Figure 
2) [15].

The hydrogen bonds linking complementary base pairs play a 
crucial role as a molecular adhesive, thereby enhancing the overall 
stability of the helical structure of the DNA [16]. Within the 
DNA structure, two electron pairs compete for a single proton, 
establishing the foundation for complementary base pairing. This 
competitive interaction results in the hydrogen bond assuming two 
distinct equilibrium configurations.

The energy associated with these arrangements can be illustrated 
using a double well potential model (Figure 3). This theoretical 
model effectively captures the energy states available to protons 
[17].

In the model, the central elevation acts as a barrier. This barrier 

signifies the energy threshold essential for the proton's transition 
between equilibrium states. The inherent stability observed in 
natural DNA implies an asymmetry within the double well potential. 
Notably, one well exhibits lower potential energy compared to the 
other. Consequently, this results in a heightened potential energy 
barrier that effectively hinders the movement of protons toward the 
alternative equilibrium state [18]. 

However, it is important to take note the computational limitations 
stated in this study. Initial parameters of the simulation model used 
are constant across the PCR stages simulated that may affect the 
tunneling probabilities. Different DNA pairs have different barrier 
width, PCR processes have temperature ranges: Denaturation - 
92°C to 98°C [9], Annealing - 55°C to 65°C, and Extension - 70°C 
and 72°C, and proton energy changes with temperature proven by 
Arrhenius equation. Exploration of these parameters can improve 
the model and reveal close to true value the quantum tunneling 
probability in DNA during PCR (Figure 4) [19].

Distinct oscillations observed are caused by the sine and cosine 
functions of the real (equation. 2) and imaginary (equation. 3) 
component of the proton wave function (equation. 1) simulated.

Figure 2: (A) An A-T base pair with two hydrogen bonds. (B) A G-C base pair with three hydrogen bonds [5].

Figure 3A: Double well potential models (A): 2D - Model of symmetric hydrogen bonds double well potential [7]; (B): 1D - Model of asymmetric 
hydrogen bonds double well potential [8].

: :N H N : :N H N  
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proton tunneling has the potential to introduce brief inaccuracies. 
When encountering these forms, the DNA replication ma-chinery 
could misinterpret their structure, leading to incorrect pairing 
with complementary bases. This mispairing, in turn, might lead 
to the insertion of incorrect nucleotides during DNA replication, 
ultimately causing mutations in the newly synthesized DNA strand 
[13]. Despite their intermittent and transient nature, determining 
the exact role of these tautomeric forms in replication and 
translation errors remains a challenging puzzle. Multiple studies 
have aimed to establish a definitive link between tautomeric 
mutations and these errors. However, due to the intricacies of the 
phenomenon and the challenges associated with experimental 
studies, ongoing research continues to shape our understanding 
in this area [23].

The findings presented in the discussion have significant potential 
implications. This can be used to better understood to design more 
efficient PCR processes. By optimizing temperature ranges and 
considering the quantum behavior of protons, faster and more 
precise DNA amplification can be achieved, which could improve 
the efficiency of molecular diagnostics. Insights into the quantum 
nature of proton behavior in DNA can impact drug design and 
development [24]. Understanding how protons tunnel through 
energy barriers within DNA could influence the design of drugs 
that specifically target DNA regions, potentially improving drug 
efficacy and reducing side effects. The quantum tunneling behavior 
observed in DNA could guide the development of tailored genetic 
therapies. Understanding how protons interact with DNA barriers 
at different temperatures might enable the precise targeting of 
specific DNA sequences for therapeutic interventions, advanc-
ing the field of personalized medicine. Knowledge of quantum 
tunneling in DNA may inspire advancements in nanotechnology. 
Designing nanoscale devices that harness the principles of quantum 
tunneling in DNA could lead to highly sensitive biosensors or 
innovative diagnostic tools, revolutionizing molecular diagnostics. 
Exploring the quantum nature of DNA could have implications for 
quantum computing in the field of genetic re-search. Understanding 
how protons interact with potential energy barriers at a quantum 
level might inspire the development of quantum algorithms 
for DNA analysis and genomic studies. The findings could spur 
advancements in theoretical models used in molecular dynamics 
simulations. Incorporating quantum tunneling behavior into these 
models could result in more accurate predictions of DNA behavior, 
aiding genetic re-search and drug discovery [25].
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The wave vector, ko (équation. 4) is determined by the kinetic 
energy (ke) of the particle and the potential barrier. As the particle 
approches the barrier, ko becomes complex, contributing to 
oscillations in both real and imaginary parts.
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In the case of denaturation and extension, As the proton approches 
the barrier, ko becomes complex due to the presence of the barrier 
potential. The imaginary part of ko leads to an exponential decay 
of the wave function, meaning the wave function decreases rapidly 
as the proton approaches the barrier. The sine function, being an 
oscillatory function, con-tributes larger values as it oscillates rapidly 
due to the complex ko [20]. This dominant oscilla-tory behavior 
is captured by the imaginary component (Ψi), representing the 
particle's wave like nature and it’s tendency to interact with the 
barrier. After the proton passes through the barrier (tunneling), the 
real component (Ψr) becomes more prominent as ko transitions 
to have a significant real component. The cosine component, 
being oscillatory but with a different phase, starts to contribute 
significantly to the wave function. As the proton moves away from 
the barrier, the real part becomes more pronounced, representing 
the particle's behavior as it continues it’s motion beyond the barrier. 
The potential for resonant tunneling is implied by the observed 
oscillations [21]. In the simulation, as the particle's energy aligns 
with certain energy levels of the barrier, constructive interference 
occurs, leading to increased probability amplitudes. This quantum 
proton tunneling in DNA can lead on tautomeric mutations based 
on Lowdin’s Hypothesis (Figure 5) [22].

Lowdin’s hypothesis stated that these specific tautomeric forms 
result from a unique occurrence of double proton tunneling 
within the nucleotide base pairing. It's important to note that these 
mutations are short-lived [12]. In the context of DNA replication 
and transcription, the emergence of tautomeric forms through 

Figure 4: Optimized geometries of canonical structure. Note: (A) Adenine-Thymine; (B) Guanine-Cytosine.
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Figure 5: Schematic representation of Lowdin’s hypothesis: Proton tunnelling replication.

Exploration of tautomeric mutations

Establishing a solid connection between tautomeric mutations 
and replication/translation errors is essential. Investigating this 
relationship can help clarify how quantum tunneling influences 
genetic variations and molecular processes more precisely.

These recommendations collectively represent crucial steps toward 
a deeper comprehension of the interplay between quantum 
mechanics and biology. While the study's results provide a 
promising glimpse into this potential connection, additional 
research is necessary to uncover the full scope of its impact on 
genetic variations and molecular processes.
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