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1. EXECUTIVE SUMMARY

Synthetic genomics faces a critical structural limit: multi-megabase synthetic
chromosomes naturally lose their active, unknotted, and transcriptionally accessible
"fractal globule" state under physical spatial confinement. Due to environmental thermal
noise and internal loop-extrusion friction, they inevitably collapse ergodically into dense,
inert, and non-functional equilibrium balls, shutting down gene expression. Current
biochemical interventions rely heavily on continuous chemical binders or energy-
intensive enzymatic tracking systems, which place a severe metabolic drain on the host
cell.

This framework approaches the macromolecule from a systems-engineering, signal-
processing perspective. By treating the physical sugar-phosphate backbone as a
classical data transmission pipeline experiencing environmental thermal jitter, we
introduce an operational inverse fractal transformation protocol to calculate structural
boundary stability from the top down.
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2. SEMICLASSICAL STABILIZATION PRINCIPLES

Our theoretical framework is anchored upon a convergence of recent state-of-the-art
breakthroughs across quantum chaos, number theory, and polymer physics:

» Semiclassical Quantum Many-Body Scarring (QMBS): Harnessing anomalous,
non-thermalizing eigenstates embedded within an otherwise chaotic system.
Instead of energy relaxing randomly into global thermal equilibrium, energy
localizes indefinitely along predictable, persistent periodic orbits.

o Number-Theoretic Spectral Rigidity: Utilizing universal eigenvalue correlations
discovered in Random Matrix Theory and the Montgomery-Odlyzko Law. Recent
computational physics advancements confirm that the rigid spatial fluctuations
of the non-trivial zeros of the Riemann zeta function can explicitly mirror the
periodic orbits of semiclassical systems, establishing a deterministic
mathematical rulebook for complete wave phase cancellation.

« Backbone Wave Mechanics: Converting discrete prime coordinates into a base-4
chemical alphabet via a shifting cipher matrix. This clusters rigid, triple-hydrogen-
bonded Guanine-Cytosine (G-C) zones strictly at calculated prime-number step
intervals, while populating intervening gaps with flexible, double-bonded Adenine-
Thymine (A-T) linkages.

This paper relies on these findings to propose a foundational method and molecular
architecture for engineering structural stability and preventing entropic compaction in
synthetic macromolecular chains, such as multi-megabase synthetic chromosomes.
The framework treats the physical sugar-phosphate backbone of a polynucleotide
strand as a classical variable-impedance waveguide experiencing environmental
thermodynamic noise and kinetic jitter. By applying an inverse fractal transformation to
a target, unknotted global 3D conformation (such as an active fractal globule), a
discrete sequence of non-uniform spatial coordinate intervals is derived governed
strictly by finite prime-number distributions.

A quaternary transcoding matrix M, ciphers these intervals into the genetic text,
clustering rigid, triple-hydrogen-bonded Guanine-Cytosine (G-C) segments explicitly at
the calculated prime boundaries. Incoming ambient mechanical vibrations (phonons)
strike these non-uniform impedance boundaries and undergo complete coherent
destructive phase interference, dynamically locking the functional core of the synthetic
chromosome into a stable, transcriptionally accessible eigenstate without draining the
host cell's metabolic energy.
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3. INTRODUCTION & THE STRUCTURAL COMPACTION
LIMIT

A silent, definitive barrier in the scaling limits of synthetic biology is the physical 3D
conformation of massive, engineered polynucleotide chains. Multi-megabase synthetic
chromosomes naturally lose their active, unknotted, and transcriptionally accessible
"fractal globule" structures. Under typical physiological conditions, environmental
thermal noise (Brownian bombardment) and internal loop-extrusion friction cause the
macromolecule to ergodically thermalize and collapse into dense, inert, and non-
functional equilibrium balls. This macro-scale compaction effectively halts gene
transcription and expression by cutting off physical access to RNA polymerase
machinery.

Prior art interventions rely heavily on continuous exogenous chemical stabilizers,
macro-molecular binders, or heavy enzymatic monitoring systems to artificially enforce
structural folding. However, these methods impose a critical metabolic drain on the
host cell's energy budget, drastically lowering cellular efficiency and limiting the number
of complex, multi-gene pathways that can be successfully inserted into an organism.
Traditional genetic engineering focuses strictly on the information text of the code,
leaving a distinct technological blind spot regarding the passive and active mechanical
waveguide properties of the polynucleotide sugar-phosphate backbone itself.

This framework introduces Topological Genome Engineering—a paradigm that treats
the macromolecule from a systems-engineering, signal-processing perspective. Instead
of fighting ambient thermal noise, the present architecture turns the physical sugar-
phosphate backbone into a directional waveguide that exploits the cell's own kinetic
energy as an entropy sink.

4. MATHEMATICAL SPECIFICATIONS & CORE
CONFIGURATIONS

4.1 The Stochastic Langevin Boundary Setup

Let a synthetic chromosome be modeled as a continuous polymer chain of length L
inside a warm, viscoelastic cellular fluid matrix. The time-evolution of the chain's spatial
conformation configuration matrix R(t) is governed by a stochastic Langevin equation:

dR(s,t) 6K
dt bR

+ (s, t)



Where y represents the hydrodynamic friction coefficient, A is the polymer Hamiltonian
dictating bending elasticity, and n(s, t) represents the white noise of ambient thermal
bombardment. The present framework intercepts the ergodic decay of this function by
defining a target active fractal globule state with a fixed Hausdorff dimension D in the
range of [1.5,1.8], yielding a chaotic, non-ergodic eigenvalue spectrum Q(k). We
introduce the Spectral Inversion Operator 7 to map this continuous wave spectrum
backward into a discrete, one-dimensional coordinate array of structural pinning
potentials P,:

7:Q(k) — P, = Z[A(n) 8(x — po)]

Where p,, represents the discrete base-pair coordinates derived from a truncated, finite
prime sequence, weighted logarithmically by the von Mangoldt function A(n).

4.2 The Quaternary Transcoding Matrix M, Cipher

To map the discrete prime-coordinate array p,, directly into a physical polynucleotide
chain text layer, a Quaternary Transcoding Matrix M, is established. Let the quaternary
alphabet be defined as £, = {0,1,2,3}, mapping onto nitrogenous bases based on their
hydrogen-bonding capacities and physical rigidities:

e 0 > Adenine (A) [Purine, 2 hydrogen bonds; flexible linkage]

e 1 >Thymine (T) [Pyrimidine, 2 hydrogen bonds; flexible linkage]
e 2 > Cytosine (C) [Pyrimidine, 3 hydrogen bonds; rigid anchor]

e 3 > Guanine (G) [Purine, 3 hydrogen bonds; rigid anchor]

The matrix M, processes the prime-inverted interval integers via its base-4
representation:

N
i, = Z ld,, - 4™] whered,, € Z,

m=0

This naturally patterns high-density G-C "speed bumps" at the precise prime boundaries,
establishing structural variations in local elasticity constants K,, and molecular mass
segments M,, to create acoustic bandgaps.

4.3 Phonon Propagation and Acoustic Phase Cancellation

The repeating sugar-phosphate units form a coupled mass-spring chain. The
longitudinal displacement u,, (t) of the n-th nucleotide unit is modeled using a modified
discrete wave equation:
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d?u Ju
' dtzn = Kn(un+1 - u—n) - Kn_l(un - un—l) —_ ]/ . d_tn

M,

When broadband thermal noise strikes this lattice, the prime intervals ensure that the
reflected wave fragments undergo coherent destructive phase interference at the core
functional gene zones, yielding a massive transmission attenuation profile exceeding
—40 dB. Spatial gradients ensure that mechanical stress generated internally by
transcription machinery travels outward without resistance (Toyiboung — 1), Shunting
entropy away from the core toward non-coding boundaries.

5. DYNAMIC HORIZONS: THE FLOQUET ENERGY FILTER

While immediate validation focuses on mapping a static, fixed distribution of prime-
number intervals under controlled cryogenic baselines, the long-term theoretical
framework relies on an advanced phase: The Self-Tuning Dynamic Waveguide.

In a warm, wet, and active cellular environment, external energy levels are constantly
fluctuating. DNA undergoes continuous mechanical shaking and "chromatin breathing"
driven by the cell's metabolic processes. This ongoing environmental movement acts as
a periodic driving force, triggering a mathematical transition from a static Riemann
Trace Formula to a dynamic Floquet Spectrum.

As baseline kinetic energy levels rise or fall, the underlying physical eigenstates of the
engineered chromosome shift, causing the wave frequencies along the backbone to
expand or compress. Crucially, these shifting states do not abandon our core
architectural rules—the dynamic intervals still fall strictly on prime number sequences.
Because there are an infinite number of these prime sequences across the number
spectrum, the system possesses a boundless mathematical library to draw from.

The framework maps these changing energy tiers to new, higher-frequency coordinates
within the infinite prime distribution. By programming the linear nucleotide code to
behave like a dynamic acoustic accordion, the rigid G-C boundaries actively modulate
their internal spacing on the fly—seamlessly transitioning to a new prime sequence that
optimizes phase cancellation as thermal conditions change. By verifying a static
baseline today, we establish the essential mathematical "mould" required to launch this
advanced, self-modulating dynamic defense matrix in future research runs.

6. TWO-STAGE PHYSICAL BIOPHYSICS ROADMAP

To de-risk the science sequentially without biological background variables, verification
testing scales progressively across two highly controlled physical validation phases:



Validation Physical Testing Primary Instrumentation Expected Success

Stage Substrate Baselines Verification Metric
Custom-synthesized 120 ic Flash-Vitrificati Observation of a minimum
Stage 1: base-pair double- Cryogenic F as Vitrification 35% reduction in distance
Molecular stranded DNA segments (100 K) and Single-Molecule variance (o) for prime-
Physics labeled with dualg FRET (SmFRET) Analysis inverted strandspcom ared
y : . under acoustic drive. P
terminus FRET pairs. to random controls.
. Stlfuctured 2D DNA ‘ Cryogenic Atomic Force PreC|se'spat|aI mapping of
Stage 2: Origami rectangular tile ; topological scarring,
Network arrays (100nm x 70nm) Microscopy (Cryo-AFM) and proving localized
Topograph mapped with biotin sub-nanometer resonant mechanical energy trappin
pography PP actuators (12.5 kHz). . gy trapping
extensions. at designated prime nodes.

/. TECHNICAL PROCUREMENT & SEQUENCE DESIGN
PARAMETERS

7.1 Stage 1: Custom Oligonucleotide Sequence Strings

o Construct A (Random Control Polynucleotide String):
5'- GAC TGA CTT GCA TCG ATC GTA GCT AGC TGA CTI GCA TCG AGC TGA CTG
ACT TGA TCG ATC GTA GCT AGC TGA CTI GCA TCG AGC TGA CTG ACT TGA TCG
ATC -3'

o Construct B (Experimental Prime-Inverted Matrix String):
5'- GGC GGC GAC GGC GAC GAC GGC GAC GAC GAC GAC GGC GAC GAC GAC GAC
GAC GAC GGC GAC GAC GAC GAC GAC GAC GAC GAC GGC GAC GAC GAC GAC GAC
GAC -3'
(Note: Specific sequences are engineered via M, matrix tracking to pattern rigid,
triple-hydrogen-bonded G-C blocks strictly over coordinates mapping to the finite
prime steps up to 113).

7.2 Modifications & Purification Parameters

e 5'Terminus: Conjugated with a Cy3 donor fluorophore via an NHS-ester linkage.

o 3'Terminus: Conjugated with a Cy5 acceptor fluorophore via an NHS-ester
linkage.

o Purification Standard: Post-synthetic dual-labeled strands must undergo strict
polyacrylamide gel electrophoresis (PAGE) purification to ensure 100% full-
length, doubly modified molecular integrity before microfluidic injection.
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7.3 Stage 2: Structural 2D DNA Origami Form Factors

« Scaffold Core: Single-stranded M13mp18 viral DNA core scaffold (7249
nucleotides).

« Staple Pools: Set of 200 custom short synthetic oligonucleotides (20-40 bases
each) unpurified, mapped in 96-well grid arrays.

« Prime Matrix Spacing Layout: Target staples mapping to log-weighted Riemann
zero coordinates are modified with internal biotin-TEG extensions. When
deployed on a streptavidin-coated mica substrate, they lock the tile into a spatial
phase-cancellation grid.

8. INSTITUTIONAL RISK ASSESSMENT & SAFETY
PROTOCOLS

To satisfy university and institutional safety frameworks, environmental mitigations are
locked down for the Stage 1 and Stage 2 runs:

Hazard
Category

Risk Mitigation & Engineering
Level Controls

« Mandatory PPE: Non-

porous cryogenic gloves, full

face shield, and splash-proof
Medium footwear.

+ Automated micro-flow

loops must be checked for

pressure limits before runs.

« Ambient oxygen depletion
monitors with active audio
alarms.

« Room ventilation must
handle a minimum of 10 air
changes per hour (ACH).

« Fully enclosed optical beam
path using opaque,

Specific Risk Factor

Physical contact with liquid nitrogen (LN,) or
Cryogenic/  ultra-cold surfaces (100 K) during
Thermal vitrification phases. Risk of severe cryogenic
burns and localized frostbite.

Gas expansion and oxygen displacement
Asphyxiation due to slow or accidental LN, boil-off within Low
unventilated laboratory spaces.

Eye injury or retinal damage from exposure interlocked protective
Laser to Class 3B/4 continuous-wave lasers (532 Hiah barriers.
Radiation nm green, 635 nm red) during single- 9 « Laser Safety Eyewear rated
molecule FRET optics alignment. for OD5+ protection at target
laser spectrum lines
required.




9. STEP-BY-STEP LABORATORY SOPS

9.1 Stage 1 SOP: Single-Molecule FRET Under Acoustical
Bombardment

1.

Calibration: Turn on the Vitrified Cryo-Stage Microscope and stabilize the internal
chamber temperature at 100 Kelvin using a continuous liquid nitrogen micro-flow
loop. Calibrate the dual-laser excitation system: adjust the green diode laser to
532 nm (direct excitation of Cy3 donor) and the red diode laser to 635 nm (direct
excitation of Cy5 acceptor). Align splitters to cleanly isolate donor vs acceptor
paths via an EMCCD camera.

Immobilization: Inject 50 pL of the biotinylated construct solution into a clean,
PEG-passivated quartz microfluidic slide channel. Incubate for 10 minutes to
allow the 5' biotinylated ends to anchor to the surface-bound streptavidin matrix.
Flush the channel with 200 pL of oxygen-scavenging buffer (containing glucose
oxidase, catalase, and Trolox) to prevent photobeaching. Engage the cryo-loop to
execute rapid flash-vitrification into an amorphous ice lattice at 100K.

Noise Driving: Interface the slide directly with a surface acoustic wave (SAW)
piezoelectric transducer chip. Record a baseline 5-minute trace tracking native
FRET efficiency: Erger = I /(Ip + 1). Engage the piezo-transducer to inject a
continuous broadband acoustic white-noise spectrum (10 Hz to 100 kHz at 50
mW). Record data at a temporal resolution of 10 ms per frame for 10,000
frames. A successful run requires Construct B to show a minimum 35%
reduction in distance variance (o) compared to Construct A.

9.2 Stage 2 SOP: Cryo-AFM Characterization of Origami Arrays

1.

Folding: Mix 20 nM of M13mp18 scaffold DNA with 100 nM of the custom staple
pool in a standard folding buffer. Execute a 2-hour linear cooling ramp from 95°C
down to 20°C in a thermal cycler. Pipette 5 pL of folded tiles onto an atom-flat
mica substrate pre-treated with 10 mM MgCL, . Incubate for 5 minutes.

Measurement: Mount sample inside a Cryogenic Atomic Force Microscope
(Cryo-AFM) stabilized at 100 K. Configure AFM in non-contact tapping mode
using an ultra-sharp silicon nitride cantilever probe. Capture baseline
topographical maps (512x512 pixels). Introduce continuous mechanical
vibrations to the stage holder using an integrated sub-nanometer actuator at a
targeted resonant node frequency (f = 12.5 kHz). Execute line scans to verify
spatial amplitude attenuation over the prime boundaries.
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10. TECHNICAL DATA COLLECTION LOGS

10.1 Stage 1 Log: Single-Molecule FRET Tracking Sheet

o Experiment ID: sMFRET-ST1- | Date: //2026 | Operator:

o Vitrification Temp: K| Piezo Output Power: mW

Donor Count Acceptor Count Raw FRET Verification Notes / Artifact

Fra(T(;anLr;?ex (Ip) (L) Value Check
00001 (Pre-Acoustic Baseline Check)
00500 Acoustic Noise Loop Triggered
05000 Continuous Sampling Frame
10000 End of Trace Loop Running
Post-Run Target Metrics: Mean Erger = | Standard Deviationo =

10.2 Stage 2 Log: Cryo-AFM Topographical Template

o Experiment ID: AFM-ST2- | Date: //2026 | Operator:
» Cantilever Constant (k.): N/m | Actuator Target: kHz
Scan Target Coordinate = Mapped Prime  P-to-P Amp  Phase Shift Energy Trapped
ol (%) (1) (nm) (a8) (V/N)
Line 001 Anchor 2
100 Anchor 5
Intervening A-T
200 Link
Terminus
512 Boundary




