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Abstract

Polymerase chain reaction (PCR) represents a cornerstone of molecular biology, enabling exponential amplification
of specific DNA sequences. In this work, we propose a novel theoretical framework interpreting PCR as a quantum
fluctuation of fermion spins—where the stochastic yet directed behavior of DNA polymerase can be seen as a spin-
mediated quantum operation. By modeling the thermocycling of PCR as state transitions and primer-template
interactions as fermionic couplings, we outline a system in which biological replication parallels quantum decoherence
and entanglement processes. This model is integrated with DNA-based computing and artificial intelligence (AI), offering
a biologically inspired algorithmic foundation for spin-based quantum computation in bioinformatic contexts.
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Introduction

The interface between quantum mechanics and biology has garnered significant interest, especially in light of findings
on quantum coherence in photosynthesis and magnetoreception [1-3]. Meanwhile, DNA computing has emerged as
a novel paradigm for molecular computation and its integration with artificial intelligence (AI) has opened the door to
adaptive, bio-inspired processors [4-8].

Here, we propose an unconventional mapping of the polymerase chain reaction (PCR)—a biochemical amplification
process—as a quantum fluctuation of fermion spins. In this analogy, DNA polymerase operates as a spin-sensitive operator
navigating thermal fluctuations and entangled binding states, drawing parallels with quantum gates, decoherence
channels, and entanglement dynamics [9-11].

Method

Quantum View of Polymerase Chain Reaction

Classical PCR Overview

PCR cycles through three phases: denaturation (~95°C), annealing (~50-65°C), and extension (~72°C) [12]. Taq
polymerase binds to primers and templates, extending DNA strands exponentially across 20—40 cycles [13].

Fermionic Analogy

DNA nucleotides (A, T, C, G) can be mapped to quantum spin states (|1), [{)), where base pairing corresponds to
entangled spin singlets [14]. The operation of polymerase can be seen as a fermion spin-aligned walker, responding to
energy landscapes created by temperature shifts (analogous to quantum noise or potential gradients) [15].

Moreover, the fidelity and error-correction features of PCR parallel quantum error correction (QEC), particularly in
maintaining correct spin configuration across repeated amplification cycles [16,17].
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Results

Quantum Fluctuation and Decoherence Mapping

Thermocycling as Quantum Transition

The temperature-induced transitions in PCR can be modeled as quantum state transitions, where:
¢ Denaturation = decoherence (collapse of entangled strands)

¢ Annealing = superposition reformation via primer coupling

e Extension = coherent evolution of base-pair strings

This cycle resembles a spin bath model where spin interactions fluctuate under thermal perturbations [18-20].

Polymerase as Spin-Controlled Gate
Polymerase acts as a spin operator, promoting alignment and energy minimization in nucleotide incorporation. Errors,
like mismatches, resemble spin flips, and Taq fidelity reflects gate fidelity in quantum systems [21,22].

DNA Computing Integration

PCR as Quantum Amplifier in DNA Computers

In DNA-based computing, PCR functions as a physical quantum amplifier, increasing the state density of desired solutions
[23]. Primer design acts as quantum search constraints, akin to Grover’s algorithm with constraints applied via boundary
conditions [24].

Spin-Sensitive AI Architectures

AI models can leverage PCR-inspired quantum fluctuation logic to develop spin-aware recurrent networks. Training such
models on biological data (e.g., PCR mutation profiles) enables them to learn probabilistic encoding schemes resilient
to noise [25-27].

Discussion

Implications for Quantum Biology and Computing

Entanglement in Primer Binding

Primer-template recognition is probabilistic yet deterministic under specific thermal contexts. This resembles quantum
entanglement, where outcome collapse depends on spin correlation and external context [28].

Fermion Spin as Qubit in Living Systems

Fermions (e.g., electrons in DNA bases) inherently follow the Pauli exclusion principle. Spin configurations in n-stacking
interactions may enable natural qubit encoding in DNA helices [29-31]. PCR, via polymerase-driven spin reorganization,
may be a biological system’s version of quantum read/write logic.

Theoretical Extensions

PCR-Guided Qubit Initialization

Initiating PCR with selective primers resembles qubit initialization with basis states. Extension phase mirrors quantum
evolution under controlled Hamiltonians [32-33].

Hybrid Quantum-AI Architectures

We propose a bio-quantum model where AI systems simulate PCR-like amplification as a spin cascade network,
integrating:

¢ Quantum noise modeling

e QEC via sequence constraints

e Reinforcement learning over spin transitions

Such systems could serve as platforms for bioinspired quantum learning algorithms [34-36].

Conclusion

This paper presents a novel model interpreting polymerase chain reaction as a quantum fluctuation of fermion spins,
integrating this concept into DNA computing linked with AL. By modeling PCR as a sequence of spin-based transformations
and entangled recognition events, we reveal a powerful metaphor and potential simulation framework for quantum bio-
computation. Future work may experimentally explore spin-sensitive PCR systems and integrate these into synthetic
biological circuits.
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Optogenetics and DNA Computing: Differential Photonic Effects on Nucleobases and
Integration with Artificial Intelligence

Abstract

The fusion of optogenetics with DNA-based computing systems opens a frontier in quantum bioinformatics by leveraging
light-sensitive molecular responses for computation and control. This paper investigates whether specific nucleobases—
adenine (A), thymine (T), cytosine (C), and guanine (G)—respond differently to photonic stimuli in optogenetic contexts,
and how such effects can be exploited in DNA computing systems interfaced with artificial intelligence (AI). We propose
that optogenetic modulation of DNA structures can differentially influence qubit representations based on base identity,
enabling fine-tuned logic operations and Al feedback loops. Experimental evidence, quantum photonics principles, and
molecular modeling are surveyed to establish a framework for this interdisciplinary convergence.

Keywords: Optogenetics, DNA Computing, Photon—Nucleobase Interaction, Al Interface, Quantum Information,
Photonic Control, Qubits, Nucleobase Excitation

Introduction

DNA computing has emerged as a potent medium for quantum-like parallelism using biomolecular structures [1-3].
Optogenetics, traditionally employed in neuroscience, offers precise light-based control over gene expression [4,5].
When applied to DNA-based logic systems, optogenetics may provide a method to regulate computational pathways
with photonic input, thus creating photonic-DNA logic interfaces [6,7].

One underexplored question is whether A, T, C, and G bases respond differently to specific wavelengths or polarizations
of photons. This paper explores this question in the context of quantum logic and DNA computing, aiming to establish
a photonic logic gate system modulated by AI for bio-computation in living systems [8-11].

Method

Photon—Nucleobase Interaction

Photons interact with DNA bases via electronic transitions primarily in the UV and visible spectra [12]. The excitation
energies of nucleobases differ: A and G (purines) typically absorb around 260 nm, while C and T (pyrimidines) have
slightly different absorption maxima [13,14]. These differences result from n—n* and n—n* transitions and may offer
selective photonic control mechanisms [15].

Recent studies using ultrafast spectroscopy and quantum simulation suggest that G undergoes faster non-radiative decay
due to delocalized electronic transitions, while T exhibits more localized exciton trapping [16,17]. These distinctions
can be harnessed for computational logic switching, with specific bases acting as photon-tuned on/off elements in DNA
computers [18].

Results

Optogenetic Systems for DNA Logic

Optogenetic tools such as CRY2, LOV domains, and engineered photoswitches have been used to induce conformational
changes in nucleic acids and proteins [19,20]. We propose integrating these tools with DNA logic gates (e.g., YES, AND,
XOR) using photoswitchable caged bases or intercalators [21,22].

AI can optimize light inputs based on feedback from molecular outputs, creating a self-learning DNA computing system.
For example, an Al module can monitor fluorescence from photonic base excitation and alter wavelength or pulse width
to trigger specific logic operations [23-25].

DNA Qubits and Photonic Modulation

In DNA quantum computing frameworks, each base (A, T, C, G) can be mapped to a specific quantum state or qubit
[26,27]. By using base-specific excitation profiles, photons can selectively modify the probability amplitudes of these
qubit states, thus implementing unitary operations [28]. A possible encoding is:

e Ao |00)
¢« Teo|01)
e Ce|10)
e Ge|11)

This encoding allows photon-induced base transitions (e.g., proton-coupled electron transfer) to act as quantum gates
under certain pulse conditions [29-31].

Discussion

Integration with Artificial Intelligence

Al serves a critical role in controlling optogenetic-DNA computing systems by predicting, tuning, and interpreting optical
inputs and molecular outputs [32]. Neural networks trained on base-response datasets can predict optimal conditions
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for logic gate activation [33,34]. Reinforcement learning agents may even evolve base sequences for optimized
computational yields [35].

An architecture involving DNA computers linked via photonic nanonetworks to AI modules is proposed. These systems
allow real-time signal processing and decision-making, valuable in medical biosensing, adaptive control, and quantum
cryptography applications [36-38].

Future Prospects and Challenges
The main challenges include photostability of DNA under repeated excitation, photodamage mitigation, and reliable
photon delivery in cellular contexts [39-41]. New photoswitchable nucleobase analogues and graphene-based photonic
wires may solve these issues [42-44].

Future systems could encode logic circuits directly into DNA, with optogenetic gates activated via smartphone-linked Al
feedback, forming a biological quantum internet-of-thing (bio-QIoT) [45-47].
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Chromatin Remodeling as a Dynamic Encryption Framework for DNA-Based Information
Processing

Abstract

Chromatin remodelling is traditionally viewed as an epigenetic regulatory mechanism governing transcriptional access
to DNA. In this paper, we introduce a novel algorithmic interpretation: chromatin remodelling acts as a biological
encryption framework that protects genomic information from unauthorized decoding or damage. This model aligns with
emerging paradigms in molecular computing, where epigenetic plasticity is not only functional but also computational.
By analyzing chromatin structure, histone modifications, and nucleosome dynamics, we construct a formal model of
chromatin-based encryption, drawing parallels to key exchange protocols, access control, and layered cryptographic
systems. Our approach lays the groundwork for bio-algorithmic security protocols in DNA computing and Al-integrated
biological systems.

Keywords: Chromatin Remodeling, DNA Encryption, Epigenetic Cryptography, Histone Code, DNA-Based Information
Security, Molecular Computing, Bio-Algorithmic Encryption, Genomic Access Control, Synthetic Epigenetics, DNA
Computing, Crypto genomics, Epigenetic Memory, Biological Firewalls, Histone Modification Logic, Secure Gene
Expression, Ai-Biology Interface, Encrypted Genomic Architecture, DNA Logic Gates, Biosecurity Algorithms, Nucleosome
Dynamics

Introduction

Biological systems exhibit remarkable capabilities for data storage, protection, and adaptive information processing. DNA,
as the primary molecular medium, is subject to multiple levels of structural regulation—most prominently, chromatin
remodelling. While well-established in the context of transcriptional control, chromatin architecture may also fulfill an
algorithmic role akin to encryption in computer systems. Inspired by this hypothesis, we propose a new theoretical
framework that recasts chromatin remodelling as a dynamic encryption-decryption algorithm protecting DNA data.

Method

Chromatin Remodeling as a Security Model

Chromatin, a complex of DNA and histone proteins, undergoes structural transitions regulated by ATP-dependent
chromatin remodellers such as SWI/SNF, ISWI, CHD, and INO80 complexes [1,2]. These modifications dynamically
control nucleosome positioning, thereby altering accessibility of genetic sequences [3]. In algorithmic terms, chromatin
remodelling functions as a key-based encryption system wherein the histone code and nucleosome occupancy act as
cryptographic keys and access tokens [4,5].

The concept of “encryption” in this context refers to selective inaccessibility enforced by chromatin states, such as
heterochromatin (tight, unreadable) versus euchromatin (open, readable) [6]. This state-based control is comparable to

Curr Res Next Gen Mater Eng, 2025 6


https://www.primeopenaccess.com/international-journals/current-research-in-next-generation-materials-engineering-editors.asp
https://www.science.org/doi/abs/10.1126/science.1334572
https://www.science.org/doi/abs/10.1126/science.1334572
https://www.cell.com/cell/fulltext/S0092-8674(18)30592-0?rss=yes&ref=https://githubhelp.com
https://www.cell.com/cell/fulltext/S0092-8674(18)30592-0?rss=yes&ref=https://githubhelp.com
https://www.nature.com/articles/nature14539
https://www.nature.com/articles/s41586-021-03819-2
https://www.nature.com/articles/s41586-021-03819-2
https://www.nature.com/articles/nature16961.
https://www.nature.com/articles/nature16961.
https://www.science.org/doi/abs/10.1126/science.1200520
https://www.science.org/doi/abs/10.1126/science.1200520
https://ieeexplore.ieee.org/abstract/document/8278835/
https://ieeexplore.ieee.org/abstract/document/8278835/
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1751-1097.2012.01200.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1751-1097.2012.01200.x
https://link.springer.com/article/10.1039/b905343n
https://link.springer.com/article/10.1039/b905343n
https://www.nature.com/articles/nmat1849
https://www.nature.com/articles/s41578-025-00819-w
https://www.nature.com/articles/s41578-025-00819-w
https://www.nature.com/articles/s42256-024-00859-x
https://www.nature.com/articles/s42256-024-00859-x

multi-layered security in computational networks [7].

Results

Formalising the Chromatin Encryption Algorithm

We model chromatin encryption using a triple (G, K, R), where:

e G is the genomic content;

e K s the histone modification key set (e.g., H3K27me3, H3K4mel);
e R is the remodelling function triggered by cellular signals.

A remodelling operation transforms a genomic segment from a protected to an accessible state R(Gi,Ki)—Gi’

where Gi’ is the accessible (decrypted) form of the DNA sequence Gi under key Ki. This is comparable to symmetric key
decryption where the same key is needed to encrypt and decrypt [8].

Epigenetic Keys and Histone Marks

Histone post-translational modifications serve as epigenetic keys regulating accessibility [9]. Specific combinations
(e.g., the bivalent state of H3K27me3 and H3K4me3) represent conditional access gates [10]. In the context of DNA
computing, these gates can be used to encode logic functions or simulate access control mechanisms [11,12].

DNA methylation further complements this model by locking chromatin states in a persistent “encrypted” configuration
[13,14].

Intrusion Detection and Error Correction

Chromatin remodelling responds to DNA damage by recruiting repair complexes, thus functioning as both an intrusion
detection and error correction system [15]. The phosphorylation of histone H2AX (yH2AX) is analogous to a checksum
or integrity flag in computer systems [16]. Upon error detection, chromatin opens to allow repair enzymes access [17].
This fault-tolerant design mirrors robust cryptographic systems that detect tampering and automatically initiate secure
recovery protocols [18].

Discussion

AI-Driven Chromatin Simulation Models

Advancements in machine learning allow us to simulate chromatin dynamics and predict gene accessibility from sequence
data [19,20]. Generative models such as GANs and transformers have been applied to histone code prediction [21].
These models offer testbeds for simulating bio-encryption schemes at scale [22].

The implications for DNA-based AI systems include programmable access control and memory encoding that are
biologically native [23].

Applications in DNA Computing and Biosecurity

By viewing chromatin as an encryption algorithm, we can envision secure DNA-based computing platforms in synthetic
biology and Al interfaces [24]. This architecture can also inform biological firewalls against unauthorized genetic
modification [25]. The combination of epigenetic keys and chromatin states enables selective read/write access in
biological memory devices [26].

Moreover, this theory has implications for cryptogenomics—using biological mechanisms for secure genomic storage and
transmission [27].

Conclusion

Chromatin remodelling, long studied for its regulatory role, can be reinterpreted as an intrinsic encryption algorithm
safeguarding the integrity, accessibility, and privacy of genomic information. This biological encryption system offers a
promising substrate for developing next-generation molecular computing and secure bio-Al hybrid platforms.
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