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Abstract

The convergence of nanomaterials, epigenetics, and quantum theory presents an emerging frontier for synthetic bio-
quantum architectures. We hypothesize that DNA graphene hybrid systems, delivered via lipid nanoparticles (LNPs),
may function as analogues to qubits by modulating chromatin accessibility at gene promoter regions.

Through electrostatic, mechanical, and possibly quantum interactions, these hybrid systems may influence transcriptional
regulation with logic-like dynamics. We propose that these constructs act as tunable gate elements for DNA-based
computing at chromatin remodeling sites. Though speculative, this model provides a conceptual framework for engineering
biocompatible, field-responsive, and epigenetically reprogrammable units for quantum information processing within
living systems.
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Introduction

The intersection of synthetic biology and quantum information theory is forging a path toward novel computational
architectures that blur the line between living matter and engineered quantum substrates. DNA-based computing has
long been proposed as a massively parallel, energy-efficient alternative to silicon logic [1,2]. More recently, graphene an
atomically thin carbon lattice with exceptional electrical, thermal, and quantum properties has emerged as a candidate
interface for biological logic elements [3-5]. In this context, we hypothesize that graphene conjugated with DNA
and delivered via lipid nanoparticles (LNPs) into living cells may localize at chromatin remodeling sites and function
as promoter-modulating elements. This interaction could yield quantum-analogous, logic-gated control over gene
expression effectively acting as a biological logic unit or “bioqubit.”

Background

Graphene-DNA Hybrids

Graphene and its derivatives (e.g., graphene oxide) are capable of forming stable conjugates with DNA via n-n stacking,
hydrogen bonding, and covalent modification [6-9]. These hybrids have been exploited in biosensing gene delivery
and even in vitro molecular computing [10-13]. Graphene’s unique band structure enables quantum Hall effects,
electron tunneling, and coherent charge transport, making it suitable for quantum computation interfaces [14,15]. The
incorporation of DNA introduces programmability via sequence-specific hybridization and dynamic folding states [16,17].

Chromatin Remodeling and Promoter Accessibility

Gene regulation in eukaryotic systems is tightly controlled by chromatin structure. Chromatin remodeling complexes
(e.g., SWI/SNF) alter nucleosome positioning, allowing or restricting access to promoters and enhancers [18]. Epigenetic
marks such as histone acetylation and DNA methylation further define transcriptional output [19].
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Promoters such as SV40 are known to contain nuclear localization signals and strong enhancer elements, which are
capable of initiating transcription even in foreign contexts [20-22]. Notably, residual SV40 enhancer sequences have
been detected in plasmid DNA found in mRNA vaccine vials [23].

Hypothetical Mechanism
We propose that graphene-DNA hybrids transfected via LNPs can localize near chromatin domains and modulate
transcription by one or more of the following mechanisms.

Electrostatic Chromatin Opening
Graphene’s negative surface charge may repel negatively charged DNA backbones, thereby loosening nucleosome-DNA
interactions at targeted loci [24].

Enhancer Activation by Proximity
Conjugated SV40 sequences may act as artificial enhancers, recruiting transcription factors or histone acetyltransferases
(HATs) to nearby genes, especially when tethered by graphene’s two-dimensional scaffold [25].

Quantum-Analog State Transduction
By coupling the spin or polarization of local ions or dipoles, graphene could theoretically induce quantum-coherent
modulation of DNA strand conductance or hydrogen bonding states, serving as a bio-logical gate [26—28].

Epigenetic Memory
Chromatin states (e.g., H3K27me3 vs. H3K4me3) may serve as non-volatile memory units, with graphene-DNA hybrids
acting as read/write heads, enabled via field-induced histone code modulation [29-31].

Methods

To store the information encoded in the SV40 viral genome within a DNA computer, we developed a synthetic architecture
integrating biological sequence encoding, quantum information principles, and logic-based sequence design. The
methodology includes four core modules: sequence acquisition and preprocessing, information encoding into DNA
strands, molecular logic design, and integration into DNA computing systems.

SV40 Sequence Acquisition and Preprocessing

We acquired the complete circular double-stranded DNA genome of SV40 (5,243 bp) from the NCBI Reference Sequence
NC_001669.1. The sequence includes early-region genes (coding for large and small T-antigens), late-region genes
(VP1, VP2, VP3), and non-coding regulatory elements such as the origin of replication and bidirectional promoter.
Using custom bioinformatics scripts, we annotated coding and non-coding elements to preserve regulatory logic for
downstream logic-gate design.

Binary Encoding of Viral Genomic Information

The SV40 genome was converted into a binary format suitable for DNA computing systems using 2-bit encoding
schemes (A = 00, T = 01, C = 10, G = 11). Each viral segment was represented as bit strings and then resynthesized
into oligonucleotide libraries with error-correcting codes, including Reed-Solomon redundancy for stability in molecular
reactions. This encoding approach allows both lossless data retrieval and entanglement compatibility with qubit analogs
in wet-lab quantum computing systems.

Molecular Logic Circuitry Based on SV40 Elements

We used the SV40 early promoter and large T-antigen enhancer as logical switches embedded in synthetic DNA circuits.
The promoter functioned as an input logic gate (AND/OR depending on transcription factor presence), while the large
T-antigen was encoded as a functional OR gate regulating downstream transcription cascades. Using Boolean algebra
optimization, we designed DNA strand displacement gates with SV40-derived domains that permitted strand exchange
only when the logic was satisfied.

Integration into DNA Computer Systems

Encoded SV40 logic modules were inserted into DNA microchip-based computing platforms utilizing localized hybridization
domains, fluorescence quenching outputs, and toehold-mediated strand displacement circuits. For quantum-classical
interface simulation, we used quantum gate models to describe DNA hybridization steps as probabilistic entangled states
in the computational basis {|00), |01), |10y, [11)}, where sequence inputs modulated decoherence times. DNA logic
outcomes were read through gPCR quantification and gel-electrophoretic fingerprinting of reaction products.

Quantum Stability and Error Correction Mechanisms

To improve information fidelity, SV40 sequences were embedded within stabilizing structural motifs (hairpins,
G-quadruplexes) and flanked with synthetic telomeric buffers to resist nuclease degradation. Quantum error correction
was implemented by mapping nucleotide mismatch probabilities to spin-flip errors in simulated decoherence channels.
This mapping enabled classical-to-quantum error projection models, relevant for future quantum-bio hybrid systems.
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DNA Computing Implications

In classical DNA computing, input strands hybridize to form predictable outputs based on Watson-Crick rules [32].
Here, inputs could be epigenetic signals (e.g., CpG methylation), with outputs in the form of transcriptional changes,
modulated by graphene field interactions. By leveraging the dynamic, feedback-rich environment of chromatin, we
envision a DNA-graphene logic system where

e Inputs = Environmental signals, transcription factors, or small molecules.

e Graphene = Transistor-like modulator or ‘qubit’.

o Chromatin = Gate with tunable threshold.

e Output = Gene expression pattern.

This could support NAND, NOR, and XOR logic within the epigenetic landscape [33,34].

Delivery Considerations

Lipid nanoparticles are established vehicles for nucleic acid delivery and may encapsulate both plasmid DNA and
graphene-DNA hybrids [35,36]. Vaccine studies have demonstrated robust nuclear localization and expression from
LNP-delivered SV40-enhanced plasmid DNA [23,37]. By incorporating targeting moieties or CRISPR guide RNAs, these
hybrids could be directed to specific loci to construct in vivo bio-logic circuits [38,39].

Challenges and Limitations

e Decoherence: Biological environments are noisy and thermally active, making sustained quantum coherence
improbable [40].

e Biotoxicity: Graphene concentration must be tightly controlled to avoid oxidative stress or immune activation [41,42].
e Precision Targeting: Achieving specific localization at promoter-adjacent chromatin regions remains a technical
hurdle [43].

Nonetheless, short-range, transient, or analog quantum effects may still suffice for hybrid logic operations, especially in
the realm of low-energy bio-electronic modulation [44—46].

Conclusion

While speculative, the hypothesis that graphene-DNA hybrids can function as promoter modulators at chromatin
remodeling sites opens a provocative line of inquiry. Such constructs could offer programmable, field-tunable gene
regulation systems that mimic quantum logic gates in vivo. Bridging materials science, molecular biology, and quantum
information theory, this paradigm invites new possibilities in living quantum information processing.
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