Master Engineering & Experimental Specifications: Spectral Rigidity
as an Active Chromatin Stabilizer
Part I: Operational Requirements & Multi-Tier Execution Strategy

1. Document Purpose and Scope

This document defines the complete technical specifications, procurement parameters,
instrumentation baselines, and data-acquisition configurations for validating the
hypothesis of prime-sequence-driven topological structural shielding. Testing is
segmented into three distinct validation paths to isolate confounding variables,
beginning with pure molecular physics and scaling to macroscopic wave dynamics.

[ Stage 1: Oligonucleotides | —> [ Stage 2: 2D Origami Arrays ] —> [ Stage 3: Metamaterial
Waveguides ] (Isolates Local Bond Rigidity) (Isolates 2D Network Patterns) (Isolates Macro
Bandgap Scaling)

2. Implementation Logic

« Validation Priority: Experimental verification must progress sequentially. Stage 1
confirms if local sequence impedance variations induce expected phase-
cancellation properties at the sub-nanometer scale. Stage 2 validates the spatial
folding characteristics of interconnected matrices. Stage 3 provides a macro-
scale analog to confirm the mathematical validity of the acoustic bandgap
without biological degradation variables.

« Control Benchmarking: Every experimental stage requires a parallel control run
utilizing either randomized or uniform sequence layouts of identical total mass,
length, and atomic density to establish statistical divergence.

Part ll: Complete Procurement, Sequence Design & Manufacturing
Parameters

1. Stage 1: Custom Oligonucleotide Sequence Synthesis &
Fluorophore Mapping

A. Target Oligonucleotide Sequence Specifications
« Total Length: 120 base pairs (bp), double-stranded DNA (dsDNA).
o Synthesis Scale: 50 nmol, HPLC purified.
o Structural Architecture:

o Construct A (Control): Randomly shuffled base configuration maintaining a
baseline 50% GC-content to normalize absolute thermal mass.

o Construct B (Experimental Prime-Inverted): Mapped directly via the
Quaternary Transcoding Matrix (M,). Rigid Guanine-Cytosine (G-C)
domains are placed explicitly at discrete, prime-number interval step
positions (p,, =



2,3,5,7,11,13,17,19,23,29,31,37,41,43,47,53,59,61,67,71,73,79,83,89,97,101,103,107,109,11
). Intervening domains are populated with flexible Adenine-Thymine (A-T)
sequences.

B. Complete Sequence Strings (5' to 3')

Construct A (Random Control):

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'

Construct B (Experimental Prime-Inverted Matrix):

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 positions calculated to cluster high-impedance G/C bonds strictly at
the designated prime-index boundaries).

C. Chemical Modifications and Fluorophore Conjugation

5' Terminus Modification: Functionalized with Cy3 (Cyanine 3) donor fluorophore
(Absorption: 550 nm, Emission: 570 nm) via an NHS-ester linkage.

3' Terminus Modification: Functionalized with Cy5 (Cyanine 5) acceptor
fluorophore (Absorption: 649 nm, Emission: 670 nm) via an NHS-ester linkage.
Purification Requirement: Post-synthetic dual-labeled strands must undergo
strict polyacrylamide gel electrophoresis (PAGE) purification to ensure 100% full-
length, doubly modified integrity.

2. Stage 2: Structural 2D DNA Origami Array Specifications
A. Scaffold and Staple Configuration

Scaffold Strand: Single-stranded M13mp18 viral DNA (7249 nucleotides).
Staple Strands: A set of 200 custom short synthetic oligonucleotides (20-40
bases each), unpurified, ordered in 96-well plate formats.

Target Geometry: A solid 2D rectangular tile array measuring approximately 100
nm x 70 nm.

B. Prime Matrix Spacing Layout

Staple Modifications: Staple strands corresponding to the structural boundaries
of the 2D tile are selected at non-uniform spatial intervals matching the log-
weighted Riemann zero coordinates (y;).

Topological Anchor Density: These target staples 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, forcing any mechanical
bending stress to localize along predicted structural nodes.




3. Stage 3: Macro-Scale Mechanical Metamaterial Analogue
Specifications
A. Airframe and Material Architecture

o Structural Substrate: Laser-sintered Acoustic Polyurethane or high-density
Polylactic Acid (PLA) configured via fused deposition modeling (FDM).

« Form Factor: A one-dimensional acoustic waveguide rod (Total Length: 1200
mm, Diameter: 50 mm).

« Internal Cell Topography: The rod is partitioned into 120 discrete cell segments,
mimicking the 120 bp oligonucleotide structure at a macro scale.

B. Lattice Density and Mass Clustering Rules

« Spring Constant Variation (K,,): Cell junctions are 3D printed with varying wall
thicknesses to change local elasticity. Thicknesses are set to 1.0 mm for flexible
zones and 4.0 mm for rigid zones.

» Mass Clusters (M,,): High-density lead or tungsten micro-spheres are embedded
directly into the cell bodies. The rigid, thicker-walled cells (representing G-C
clusters) are populated with 25g mass inserts, while flexible cells (A-T links)
contain 5g mass inserts.

« Spatial Configuration: The high-mass, thick-walled cells are placed explicitly at
distances matching the prime sequence intervals (2 cm,3 cm,5 cm, 7 cm, ...),
establishing a physical, macroscopic impedance-varying transmission line.

Part lll: Step-by-Step Laboratory SOPs, Instrumentation Baselines &
Data-Acquisition Protocols
1. Stage 1 SOP: Single-Molecule FRET Analysis under Acoustical

Bombardment
A. Equipment Setup and Environmental Calibration

1. Turn on the Vitrified Cryo-Stage Microscope and stabilize the internal chamber
temperature at 100 Kelvin using a continuous liquid nitrogen micro-flow loop.

2. 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).

3. Align the emission splitters to cleanly separate the donor emission pathway
(550-600 nm) from the acceptor emission pathway (650-700 nm) using an
electron-multiplying CCD (EMCCD) camera.

B. Sample Immobilization

1. Inject 50 uL of the biotinylated construct solution into a clean, PEG-passivated
quartz microfluidic slide channel.

2. Incubate for 10 minutes at room temperature to allow the 5' biotinylated ends to
anchor firmly onto the surface-bound streptavidin matrix.



3.

4.

Flush the channel with 200 uL of oxygen-scavenging buffer (containing glucose
oxidase, catalase, and Trolox) to prevent photobleaching during extended laser
exposures.

Execute rapid vitrification by engaging the cryo-loop to freeze the solution into an
amorphous, solid-state ice lattice at 100K.

C. Acoustic Stress Injection & Measurement Protocol

1.

2.

4.

Interface the microfluidic slide directly with a surface acoustic wave (SAW)
piezoelectric transducer chip.
Initialize a baseline 5-minute single-molecule trace recording without acoustic
noise to track the native, unperturbed FRET efficiency (Erget):

Iy
I, + 1,
Engage the piezo-transducer to inject a continuous broadband acoustic white-
noise spectrum sweeping from 10 Hz to 100 kHz at a fixed power output of 50
mW.
Record data continuously at a temporal resolution of 10 ms per frame for 10,000
frames.

Erger =

5. Analysis Rule: Compare the standard deviation of Egger fluctuations between

Construct A and Construct B. A successful run requires Construct B to show a
minimum 35% reduction in distance variance compared to Construct A under
sustained noise bombardment.

2. Stage 2 SOP: Cryo-AFM Topological Characterization of Origami

Arrays
A. Sample Preparation and Folding

1.

3.

Mix 20 nM of M13mp18 scaffold DNA with 100 nM of the custom staple pool in a
standard folding buffer (40 mM Tris, 20 mM Acetic Acid, 12.5 mM Magnesium
Acetate, pH 8.0).

Place the mixture in a thermal cycler and execute a 2-hour linear cooling ramp
from 95°C down to 20°C at a rate of 1°C per minute to ensure correct structural
folding of the 2D tiles.

Deposition: Pipette 5 uL of the folded origami tiles onto a freshly cleaved, atom-
flat mica substrate pre-treated with 10 mM MgClI, . Incubate for 5 minutes.

B. Imaging and Vibration Testing Protocol

1.

2.

3.

Mount the sample inside a Cryogenic Atomic Force Microscope (Cryo-AFM)
stabilized at 100K.

Operate the AFM in non-contact/tapping mode using an ultra-sharp silicon nitride
cantilever (tip radius < 2 nm), resonance frequency ~ 300 kHz).

Capture a baseline topographical map of the tiles at a scan resolution of

512 x 512 pixels to confirm complete structural formation without folding
defects.



4. Introduce a continuous, controlled mechanical vibration to the stage holder using
an integrated sub-nanometer actuator at a targeted resonant node frequency
(f = 12.5 kHz).

5. Execute high-speed line scans across the long axis of the tiles. Map the local
mechanical displacement amplitude.

6. Analysis Rule: Verify if the spatial vibration amplitude drops significantly at the
specific coordinate zones anchored by the prime-spaced biotin tags, confirming
localized topological scarring.

3. Stage 3 SOP: Macro Metamaterial Laser Vibrometry & Phase

Profiling
A. Experimental Rig Assembly

1. Suspend the 1200 mm printed metamaterial rod horizontally from an isolation
gantry using low-rigidity elastic cords to simulate free-free boundary conditions
and isolate the structure from external building vibrations.

2. Attach a high-output electrodynamic modal shaker to the input terminus (Cell 1)
of the rod via a thin stinger rod equipped with an inline force transducer.

B. Vibrometry Data Acquisition

1. Configure a Scanning Laser Doppler Vibrometer (SLDV) on a stable tripod gantry
parallel to the suspended rod. Align the laser scanning grid to target the center
point of all 120 individual cell segments.

2. Program the modal shaker to inject a continuous pseudo-random white noise
force spectrum ranging from 5 Hz to 2 kHz.

3. Initialize the SLDV software to record the spatial velocity response across the
120-point linear array, averaging 50 consecutive noise bursts per point to filter
out measurement drift.

4. Calculate the Frequency Response Function (FRF) for each cell position, tracking
the transmission attenuation profile down the length of the structure:

Velocity Output at Celln

Hw) = Force Input at Cell 1

C. Success Criteria Verification
« Bandgap Extraction: Plot the global transmission matrix. The experiment is
successful if the prime-spaced rod displays a deep, continuous acoustic
bandgap valley exceeding —40 dB within the predicted frequency bands, while
the uniform/random control rods show a flat or highly fragmented transmission
profile.



