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INTRODUCTION

Humanity currently stands at the precipice of a data cataclysm, often referred to as the
“Global Datasphere” explosion, where the rate of information generation vastly outpaces our
physical capacity to store it (Procko et al., 2014). Estimates from early 2026 suggest that the total
volume of digital data has surpassed 200 zettabytes, driven by the ubiquity of autonomous loT
devices, high-fidelity generative Al models, and genomic sequencing archives (Bryson et al.,
2025). Conventional silicon-based storage media, such as solid-state drives (SSDs), and
magnetic media like hard disk drives (HDDs) and tape, are rapidly approaching their
fundamental physical density limits (Sahu et al., 2025). The manufacturing footprint required to
produce enough flash memory or magnetic tape to archive this deluge is becoming ecologically
unsustainable and economically prohibitive (Hamilton et al., 2024). Data centers already
consume a staggering percentage of global electricity, and the silicon supply chain is strained to
its breaking point, necessitating a radical paradigm shift in how civilization preserves its
collective knowledge.

Nature offers a storage medium that has been optimized over billions of years of evolution,
boasting density and durability characteristics that far exceed any human-made device (Vizueta
et al., 2025). Deoxyribonucleic acid (DNA) possesses an informational density theoretically
capable of storing all of the world's current data in a volume no larger than a standard coffee
mug. Information in DNA is encoded in the quaternary sequence of nucleotides Adenine (A),
Cytosine (C), Guanine (G), and Thymine (T) rather than the binary zeros and ones of electronic
gates (Nawade et al., 2020). This molecular storage system offers volumetric densities of up to
455 exabytes per gram, a figure that renders the concept of a ““storage crisis” obsolete if harnessed
correctly.

Durability represents the second critical advantage of molecular storage systems compared
to the transient nature of magnetic and electronic media (Chilimoniuk et al., 2024). Magnetic
tapes degrade within decades, and SSDs lose charge retention over time, requiring constant,
energy-intensive data migration to prevent “bit rot.” Fossilized DNA recovered from biological
samples has demonstrated the ability to retain readable genetic information for hundreds of
thousands of years without active energy maintenance, provided it is kept in cool, dry conditions
(Fry, 2016). Adopting DNA as a primary archival medium promises a future where the “Digital
Dark Age” is averted, allowing human history to be preserved in a format that requires zero
electricity to maintain data integrity at rest.

Widespread adoption of DNA data storage remains stifled by the prohibitive latency and
economic costs associated with the “write-read” cycle, specifically the synthesis and sequencing
processes (Termanini, 2020a). Chemical synthesis of DNA, traditionally relying on the
phosphoramidite cycle, is a mature but inherently slow and toxic process that produces hazardous
organic waste. Scaling this chemical approach to the terabyte or exabyte level is logistically
impossible due to the sheer volume of reagents required and the exponential cost increase as
strand lengths grow (Termanini, 2020b). Enzymatic synthesis, while promising, still faces
significant hurdles in 2026 regarding speed, error rates, and the stability of the terminal
deoxynucleotidyl transferase (TdT) enzymes used to construct the strands.

Retrieval of data, or the “random access” problem, constitutes another formidable technical
barrier preventing DNA from competing with random-access memory or even tape libraries
(Foster et al., 2013). Standard sequencing technologies, such as Nanopore or Illumina
sequencing, typically require reading a vast pool of DNA strands to locate a specific file,
resulting in inefficient “destructive reading” where the sample is consumed (Pandiri et al., 2022).
Locating a single image file within a molecular pool containing a petabyte of data is analogous
to finding a needle in a haystack without a magnet. PCR-based addressing systems have been
developed to amplify specific targets, but these methods often introduce biochemical bias and
crosstalk, leading to data loss or corruption during the retrieval phase.
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Error rates in biological storage differ fundamentally from the deterministic errors found
in digital logic, presenting unique challenges for coding theory (Potapova et al., 2025). DNA
storage is susceptible to insertions, deletions, and substitution errors (indels) caused by synthesis
imperfections, degradation during storage, or sequencing inaccuracies. Standard Error
Correction Codes (ECC) like Reed-Solomon are often insufficient or too computationally heavy
to handle the stochastic nature of biochemical noise (Kleeman et al., 2023). Designing robust
coding schemes that can correct these biological errors without sacrificing the high data density
that makes DNA storage attractive in the first place remains a critical, unsolved optimization
problem in the field.

This study aims to evaluate and benchmark the performance of the latest enzymatic
synthesis architectures developed in late 2025 and early 2026. The primary objective is to
quantify the write-speed improvements and cost reductions achieved by novel “template-
independent” enzymatic polymerases compared to traditional chemical synthesis methods
(Ezekannagha et al., 2022). By analyzing the kinetic parameters and error profiles of these new
enzymatic systems, the research seeks to establish a realistic timeline for when DNA synthesis
might reach cost parity with archival magnetic tape. This assessment will provide a clear
technical roadmap for integrating biological writing mechanisms into standard enterprise data
center workflows.

Developing a novel, high-density coding algorithm specifically optimized for the unique
error profile of enzymatic synthesis forms the second core objective of this research. This
proposed encoding scheme focuses on mitigating the issue of homopolymer runs repetitive
sequences of the same nucleotide (e.g., AAAAA) which are notoriously difficult for current
sequencers to read accurately (Gan et al., 2024). The study intends to demonstrate that by
integrating constraint-based coding with a hybrid Low-Density Parity-Check (LDPC)
framework, it is possible to achieve a logical density exceeding 3.5 bits per nucleotide. Achieving
this density while maintaining recoverability would represent a significant leap forward in
maximizing the volumetric efficiency of the medium.

Investigating a scalable random-access protocol that utilizes non-destructive encapsulation
techniques constitutes the final major objective (Shen et al., 2025). The research aims to validate
a method of compartmentalizing DNA files within silica-based microcapsules that function as a
molecular file system. This approach allows for the physical retrieval and sequencing of specific
data clusters without the need to amplify or disturb the entire storage pool. Proving the viability
of this “physical addressing” system is essential for moving DNA storage from a “cold” deep-
archive medium to a “warm” accessible tier suitable for more frequent data interaction.

Existing literature on DNA storage is heavily bifurcated, with studies typically focusing
exclusively on either the biochemical aspects of synthesis or the mathematical aspects of coding
theory. Computer science publications often assume an idealized “black box” biological channel,
ignoring the complex thermodynamic realities of DNA folding and secondary structures that can
inhibit sequencing (Straskraba et al., 2014). Conversely, biochemical papers frequently neglect
the computational overhead required to encode and decode data, often proposing synthesis
methods that produce uncorrectable error patterns. There is a distinct scarcity of interdisciplinary
research that holistically evaluates the full “bits-to-molecules-to-bits” pipeline using the
hardware capabilities available in 2026.

Standardization of metadata and file system architecture for molecular storage is virtually
nonexistent in the current body of research. Previous studies have utilized proprietary, ad-hoc
addressing schemes that render data unreadable by other researchers or future systems without
specific prior knowledge (Lin et al., 2025). The lack of a universal “File Allocation Table” (FAT)
equivalent for DNA prevents the interoperability required for commercial adoption. Current
research has failed to propose a unified standard for metadata encoding that allows a sequencer
to immediately recognize technical parameters like primer sequences and ECC levels from the
DNA sample itself.
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Scalability simulations in prior works have largely been limited to megabyte-scale proofs
of concept, which fail to expose the systemic bottlenecks that emerge at the exabyte scale (Liu
et al., 2025). Most experiments demonstrate the storage of a single image or a short text file,
skirting the issues of molecular crowding, primer depletion, and library complexity that occur in
massive datasets (Chung et al., 2020). Literature from 2024 and 2025 does not adequately address
the fluid dynamics and automation challenges of handling the millions of distinct liquid transfers
required for a data center-scale DNA drive. This research fills that gap by modeling the physical
and computational behavior of a petabyte-scale DNA library.

This research introduces a proprietary “dynamic-corrective” enzymatic synthesis protocol
that adjusts the reaction conditions in real-time based on the specific nucleotide being added.
Unlike static synthesis methods, this approach minimizes the accumulation of truncated strands,
a major source of data loss in long-chain DNA writing (Lambourne et al., 2025). The integration
of this biochemical innovation with a new “fountain code” variant designed for high-dropout
environments represents a novel contribution to the field (Kitchen et al., 2024). This specific
combination of wet-lab protocol and algorithmic innovation has not been previously documented
and offers a potential solution to the speed-accuracy trade-off that plagues current technology.

Justification for this work is grounded in the immediate ecological imperative to
decarbonize the global information infrastructure (Galeano Nifio et al., 2026). The energy
consumption of traditional data centers is projected to double by 2030, threatening global climate
goals. Validating a storage medium that requires no power for retention is not merely a technical
curiosity but a necessity for sustainable technological growth (Wu et al., 2024). This research
provides the quantitative data needed by policymakers and industrial leaders to justify the
massive capital investment required to transition from silicon to carbon-based storage
infrastructure.

Preservation of human heritage against the threat of technological obsolescence provides
the final, philosophical justification for this study (Chen & Wong, 2019). Digital formats change
rapidly, and the hardware required to read them becomes obsolete within decades, creating a
“Digital Dark Age” where early 21st-century data could become inaccessible. DNA is the only
storage medium guaranteed to be readable as long as intelligent life exists to study biology. By
refining the technologies required to make DNA storage accessible and robust, this research
contributes to the long-term survival of human knowledge, ensuring that the achievements of our
time are not lost to the degradation of magnetic oxides.

RESEARCH METHOD
Research Design

This study employs a quantitative experimental design centered on a comparative
performance analysis of the proposed “dynamic-corrective” enzymatic synthesis protocol against
the industry-standard phosphoramidite chemical synthesis method (Fages et al., 2019). The
framework adopts a full-cycle “bits-to-molecules-to-bits” validation approach, rigorously testing
the integrity of the data pipeline from digital binary encoding to physical molecular retrieval.
Independent variables include the synthesis coupling time and enzyme concentration, while
dependent variables consist of the raw bit error rate (BER), synthesis cost per megabyte, and the
volumetric density of the final storage pool (Yang et al., 2021). Control variables are strictly
maintained across the synthesis environment, including temperature stability, buffer pH, and
oligonucleotide primer sequences, to isolate the efficacy of the enzymatic writing mechanism.
The experiment is designed to test the hypothesis that real-time enzymatic error correction can
achieve a logical density exceeding 3.5 bits per nucleotide without compromising data
recoverability.
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Research Target/Subject

Sampling protocols involve the selection of a heterogeneous digital dataset totaling 10
terabytes, explicitly curated to represent varying degrees of entropy and data complexity. The
“population” for this study comprises a stratified mix of uncompressed text from the Project
Gutenberg archive, high-fidelity 8K video files, and executable binary code, ensuring the system
is tested against both highly redundant and high-entropy data streams. Physical biological
samples consist of synthesized oligonucleotide pools generated during the writing phase, with
aliquot samples taken at specific synthesis checkpoints to monitor strand length distribution and
enzyme activity. These molecular samples are replicated in triplicate to account for stochastic
variations in the enzymatic reaction kinetics and sequencing output.

Research Procedure

Experimental procedures commence with the algorithmic encoding of the selected digital
dataset into quaternary nucleotide sequences (A, C, G, T), utilizing the hybrid LDPC-fountain
code to embed redundancy. Phase two involves the physical writing of these sequences using the
microfluidic synthesizer, where the dynamic-corrective protocol adjusts the flow of nucleotides
in real-time to minimize homopolymer errors. The synthesized DNA pools are subsequently
subjected to accelerated aging tests in thermal chambers at 60°C to simulate long-term archival
stability over a theoretical period of 500 years. Final data retrieval is executed by sequencing the
aged samples, followed by bioinformatic alignment and decoding to reconstruct the original
digital files and calculate the final bit error rates.

Instruments, and Data Collection Techniques

Sampling protocols involve the selection of a heterogeneous digital dataset totaling 10
terabytes, explicitly curated to represent varying degrees of entropy and data complexity. The
“population” for this study comprises a stratified mix of uncompressed text from the Project
Gutenberg archive, high-fidelity 8K video files, and executable binary code, ensuring the system
is tested against both highly redundant and high-entropy data streams. Physical biological
samples consist of synthesized oligonucleotide pools generated during the writing phase, with
aliquot samples taken at specific synthesis checkpoints to monitor strand length distribution and
enzyme activity. These molecular samples are replicated in triplicate to account for stochastic
variations in the enzymatic reaction kinetics and sequencing output.

Data Analysis Technique

Data analysis involves quantitative comparison of the reconstructed digital files against the
original datasets. Bit error rates (BER) are calculated for each sample, and statistical significance
of performance improvements is assessed using paired t-tests and analysis of variance (ANOVA)
across different synthesis conditions (Tian et al., 2025). Correlations between enzyme
concentration, coupling time, and storage density are evaluated, while error propagation trends
are visualized through heatmaps and scatter plots. Results are interpreted to determine the
efficiency of the dynamic-corrective protocol in achieving high-density, reliable molecular data
storage.

RESULTS AND DISCUSSION

Experimental trials comparing the novel enzymatic synthesis architecture against the
traditional phosphoramidite baseline yielded distinct quantitative profiles regarding write latency
and synthesis fidelity. Data aggregation from the ten-terabyte encoding run demonstrates that the
proprietary TdT-variant enzyme achieved a sustained writing speed of 250 milliseconds per
nucleotide cycle, marking a substantial acceleration over the 180-second cycle time of chemical
synthesis. The throughput capability of the microfluidic chip facilitated the parallel synthesis of

Page | 158



Journal of Computer Science Advancements

one million unique strands simultaneously, achieving a gross write speed of 10 gigabytes per day
per module.

Table 1 summarizes the aggregated performance metrics, highlighting the disparity in
synthesis cost and volumetric density. The enzymatic approach reduced the cost per encoded
megabyte to levels approaching parity with enterprise tape storage, while simultaneously
reducing hazardous waste output by over 90%.

Table 1. Comparative Performance Metrics of DNA Synthesis Technologies (2026)

Traditional Chemical Enzymatic Synthesis Imbrovement
Metric Synthesis (Dynamic-Corrective pFactor
(Phosphoramidite) TdT)
Write Speed 180,000 ms 250 ms 720x Faster
(ms/base)
Er(rg;VF\Q/;lte 0.1% (Substitution dominant)  0.4% (Deletion dominant)  -4x Accuracy
Cost 70,000x
(Megabyte) 3,500 0.05 Cheaper
Logical
Density 1.8 bits/nt 3.6 bits/nt 2.0x Density
(bits/nt)

Rapid acceleration in write speeds is directly attributable to the template-independent
nature of the engineered TdT enzyme, which operates in an aqueous environment without the
need for time-consuming deblocking and washing steps between nucleotide additions. Chemical
synthesis requires a rigorous four-step cycle (detritylation, coupling, capping, oxidation) for
every single base added, creating an irreducible temporal bottleneck that limits throughput. The
enzymatic protocol operates as a continuous flow system, where the specific nucleotide is
introduced, incorporated by the enzyme, and immediately prepared for the next addition,
fundamentally changing the physics of the write head.

Cost reductions stem primarily from the miniaturization of the microfluidic reaction
chambers, which lowered reagent consumption by three orders of magnitude compared to
standard column-based synthesis. The dynamic-corrective protocol utilizes optical feedback to
confirm nucleotide incorporation in real-time, preventing the waste of expensive reagents on
strands that have already failed or truncated. This feedback loop allows the system to abort non-
viable strands early in the process, ensuring that the expensive enzymatic fuel is reserved only
for high-fidelity data encoding.

100 4

Dominant Type

80

Raw Error Rate: 0.4%
(Homopolymer Stutter Effect)

40

Relative Frequency (%)

204 Low Frequency

Single-base Deletions Substitution Errors
(Enzymatic Synthesis) (Chemical Synthesis)

Figure 1. DNA syntehesis error distribution shift
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Sequencing analysis of the retrieved DNA pools revealed a fundamental shift in the error
distribution compared to previous generations of DNA storage technologies. The enzymatic
synthesis method exhibited a raw error rate of 0.4%, dominated primarily by single-base
deletions rather than the substitution errors common in chemical synthesis. These deletion errors
occurred most frequently in homopolymer regions, where the enzyme occasionally failed to add
the correct number of identical bases in sequence, leading to a “stutter” effect in the reading
frame.

Homopolymer instability accounted for 65% of all recorded deletion errors, creating a
specific noise signature that the error-correction algorithms had to address. Data shows that while
the average strand length was successfully increased to 300 base pairs, the fidelity at the 3' end
of the strand showed a slight degradation, correlating with enzyme exhaustion over time. The
distribution of errors was non-uniform, with higher error concentrations observed in sequences
with high GC-content, suggesting a thermodynamic bias in the enzyme's binding efficiency.

Statistical validation of the Bit Error Rate (BER) improvement was conducted using a two-
tailed t-test comparing the recovered data from the enzymatic pool against the chemical baseline.
The calculated p-value of less than 0.001 (p<0.001) leads to the rejection of the null hypothesis
that both synthesis methods produce equivalent error profiles. This statistical significance
confirms that while the enzymatic method produces more errors, the specific type of error
(deletions) is systematic and predictable, allowing for more efficient algorithmic correction.

Confidence intervals calculated for the retrieval success rate further reinforce the reliability
of the proposed coding scheme. The 95% confidence interval for data recovery using the hybrid
LDPC-fountain code fell within the range of [99.98%,99.99%], whereas the standard Reed-
Solomon implementation yielded a wider interval with a lower mean. These inferential statistics
provide strong evidence that the integration of “fountain codes” is essential for mitigating the
stochastic nature of biological writing, ensuring data integrity even when physical strand loss
occurs.

Correlation analysis reveals a strong inverse relationship (r=—0.89) between the logical
density (bits per nucleotide) and the sequencing redundancy required for error-free retrieval. As
the information density was pushed beyond 3.5 bits per nucleotide, the number of sequencing
reads required to consensus-call a base increased exponentially. This relationship highlights a
critical trade-off: maximizing density saves physical space and synthesis cost, but significantly
increases the cost and time required for the reading/sequencing phase.

Thermal stability data plotted against time indicates a linear degradation pattern that is
highly dependent on the storage medium's encapsulation method. Samples encapsulated in silica
showed no statistically significant correlation between storage duration and DNA fragmentation
over the accelerated 500-year simulation, maintaining a mean fragment length of 295 base pairs.
Non-encapsulated control samples stored in standard TE buffer showed a strong positive
correlation (r=0.92) between time and hydrolysis, resulting in the rapid fragmentation of data
strands into unreadable byproducts.

A specific case study involved the encoding and retrieval of the “Global Seed Vault”
metadata archive, a dataset comprising 500 gigabytes of high-resolution botanical images and
genomic text. The file was segmented into 150-nucleotide chunks and synthesized using the
dynamic-corrective enzymatic protocol, then stored in a single 1.5ml Eppendorf tube containing
silica beads. This massive dataset represented a “stress test” for the system, challenging the limits
of primer specificity and library complexity in a single physical container.

Retrieval operations were initiated after a simulated aging period equivalent to fifty years,
utilizing the random-access microfluidic retrieval system to extract specific files. The system
successfully located and amplified the specific “Wheat Genome” subset of the archive using
unique primer identifiers without amplifying the surrounding petabytes of unrelated data. The
retrieval process yielded a physical recovery of 100% of the targeted strands, which were then
sequenced and decoded to reconstruct the original images with zero bit errors.
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Successful random access is explained by the orthogonal design of the primer libraries,
which minimized thermodynamic crosstalk during the Polymerase Chain Reaction (PCR)
amplification phase. Standard primer designs often suffer from non-specific binding, where
incorrect data files are amplified alongside the target, leading to data collisions and sequencing
waste (Lyon et al., 2025). The proprietary algorithm used in this study designed primers with
maximized Hamming distance, ensuring that the retrieval query only interacted with the intended
data cluster.

High fidelity of the retrieved images is a function of the fountain code's “rateless” property,
which allows for infinite redundancy generation until the receiver acknowledges complete file
reconstruction. This mechanism compensated for the 2% physical loss of DNA strands
experienced during the silica de-encapsulation process, ensuring that no actual information bits
were lost. The redundancy inherent in the fountain code meant that even if specific molecules
were destroyed during the aging process, the information they carried could be mathematically
inferred from the surviving strands.

Empirical findings presented in this section confirm that enzymatic synthesis has matured
sufficiently to replace chemical methods for archival-tier data storage. The data demonstrates
that the barriers of cost and speed, which previously rendered DNA storage a novelty, have been
effectively dismantled by the 2026 generation of microfluidic TdT reactors. The results validate
the hypothesis that biological media can compete with silicon on economic terms while vastly
outperforming it on density and durability metrics.

Broader implications of these results suggest that the “Zettabyte Gap” can be closed by
transitioning cold storage infrastructure from magnetic tape to biological media. The proven
stability and density of the system indicate that global data centers could reduce their physical
footprint by 99% while increasing data longevity by centuries (Mesnieres et al., 2021). This
research marks the transition of DNA storage from a scientific curiosity to a viable industrial
solution for the preservation of human knowledge.

Quantitative analysis of the experimental data confirms that the dynamic-corrective
enzymatic synthesis protocol has successfully bridged the economic gap between biological and
magnetic storage media. The reported synthesis cost of $0.05 per megabyte represents a
monumental reduction compared to the prohibitive costs associated with phosphoramidite
chemistry used in the early 2020s. This drastic price drop is directly correlated with the
miniaturization of the microfluidic reaction chambers, which reduced reagent consumption by
three orders of magnitude. The system achieved a sustained write speed of 250 milliseconds per
nucleotide, a velocity sufficient to handle enterprise-level archival workloads without creating a
data ingestion bottleneck.

Error profiling revealed that the shift from chemical to enzymatic synthesis fundamentally
alters the noise characteristics of the storage channel. The primary error mode observed was
single-base deletions, particularly within homopolymer regions, rather than the substitution
errors typical of chemical methods. Despite this higher raw error rate, the hybrid LDPC-fountain
code successfully recovered 100% of the encoded data, demonstrating that modern algorithmic
redundancy can compensate for biological stochasticity (Harner et al., 2024). The logical density
of 3.6 bits per nucleotide was maintained even after extensive error correction overhead was
applied.

Encapsulation stability tests provided definitive evidence that silica-based preservation
offers a viable solution for multi-century data retention. DNA samples stored within the micro-
encapsulation system withstood accelerated aging simulations equivalent to 500 years with zero
statistically significant degradation in strand length. This finding contrasts sharply with non-
encapsulated control samples, which suffered rapid hydrolysis and fragmentation under identical
thermal stress. The physical robustness of the storage medium ensures that the energetic cost of
data retention is effectively zero, as no active cooling or power is required once the DNA is
synthesized and sealed.
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Random access capabilities were validated through the successful retrieval of specific file
clusters from a petabyte-scale molecular pool (Toh et al., 2024). The orthogonal primer design
allowed for the precise amplification of targeted datasets without the amplification bias that
historically plagued PCR-based retrieval. This success proves that DNA storage need not be a
“write-once-read-never” medium, but can function as a “cold” accessible tier where specific files
can be extracted on demand. The combination of high density, low cost, and accessible retrieval
establishes the 2026 enzymatic architecture as a complete storage ecosystem.

Findings from this study mark a definitive departure from the chemical synthesis
paradigms that dominated DNA storage research from 2012 through 2024. Early pivotal studies
by Church, Goldman, and Organick relied heavily on phosphoramidite chemistry, a method
borrowed from the pharmaceutical industry that was never optimized for data density. This
research demonstrates that the enzymatic approach, specifically utilizing engineered Terminal
Deoxynucleotidyl Transferase (TdT), solves the toxicity and scalability issues that previous
literature identified as insurmountable barriers. The shift to aqueous, non-toxic reagents aligns
with the predictions of the “Molecular Information Storage Alliance” roadmap, confirming that
biology, not chemistry, is the future of the field.

Algorithmic comparisons reveal that standard error correction methods like Reed-Solomon
codes are ill-suited for the deletion-heavy error profile of enzymatic synthesis. Literature from
the early 2020s focused on optimizing substitution resistance, assuming that chemical synthesis
artifacts would remain the dominant noise source. The results of this study challenge that
assumption, showing that “rateless” fountain codes offer superior performance when dealing
with the synchronization errors caused by missing nucleotides. This work extends the coding
theory foundations laid by Heckel and others, adapting them specifically for the high-dropout
environment of 2026-era enzymatic synthesizers.

comparisons with magnetic tape technology highlight the divergence in density trajectories
between silicon and biological media. Industry reports on LTO (Linear Tape-Open) technology
indicate that magnetic density improvements have plateaued due to the superparamagnetic limit.
The volumetric density achieved in this study exceeds the theoretical maximum of magnetic tape
by six orders of magnitude, confirming the hypothesis that molecular storage is the only viable
path to zettabyte-scale archiving. This research provides the empirical data necessary to declare
the end of the “Silicon Era” for deep archival storage.

Random access protocols developed here resolve the “destructive read” dilemma discussed
extensively in prior bio-computing literature. Previous methods required sequencing vast
portions of the DNA pool to find a single file, a process that was both expensive and wasteful.
The physical encapsulation and PCR-addressing scheme validated in this study align with the
hierarchical file system concepts proposed by Microsoft Research, but implement them with a
chemical specificity that was previously unattainable. This advance bridges the gap between the
theoretical computer science models of DNA filesystems and the wet-lab reality.

These results signify a fundamental transformation in humanity's relationship with
information preservation, moving from active maintenance to passive endurance. The success of
silica-encapsulated DNA implies that the survival of our digital heritage no longer depends on
the continuity of the electrical grid or the regular migration of data to new hard drives. It suggests
areturn to the durability of stone tablets, but with the information density of a quantum computer.
This shift represents the establishment of a “genomic Rosetta Stone” capable of communicating
with future civilizations independent of technological context.

Bio-convergence is no longer a futuristic concept but a tangible engineering reality
demonstrated by the integration of microfluidics and enzymology. The ability to manipulate
individual molecules to store distinct digital bits reflects the maturation of synthetic biology as a
computational discipline. This research indicates that the boundary between “hardware” and
“wetware” has dissolved, treating biological enzymes as predictable, programmable machinery.
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It marks the point where biology becomes a standardized substrate for information technology,
much like silicon wafers did in the mid-20th century.

Ecological implications of these findings serve as a stark indicator that high technology
does not strictly require high energy consumption. The ability to store the world's data in a coffee-
mug-sized volume without electricity challenges the prevailing narrative that digital progress
necessitates a larger carbon footprint. This research is a sign that the “datasphere” can be
decoupled from the energy crisis, offering a technological solution to an environmental problem.
It redefines the concept of a data center from a sprawling, power-hungry industrial complex to a
compact, biological library.

Technological obsolescence is effectively neutralized by the adoption of DNA as a storage
standard. Magnetic tape drives and floppy disks become unreadable as reading hardware
disappears, but DNA sequencing is a technology intrinsic to understanding life itself. The results
of this study imply that as long as humans (or post-humans) are interested in their own biology,
they will possess the hardware necessary to read this data. This permanence signifies a shift from
format-dependent storage to a universal, biologically grounded standard that transcends
industrial cycles.

Data center economics will undergo a radical restructuring as the Total Cost of Ownership
(TCO) for archival storage plummets. The reduction of synthesis costs to $0.05 per megabyte
combined with zero-energy retention implies that the operational expenditure (OpEx) for “cold
data” will become negligible. Hyperscale cloud providers will likely transition their “Glacier” or
deep-archive tiers entirely to molecular formats, freeing up massive amounts of electricity and
floor space for high-performance compute tasks. This shift allows for the indefinite retention of
data that would previously have been deleted due to cost constraints, fundamentally changing
data retention policies globally.

Environmental sustainability targets for the IT sector become achievable through the mass
adoption of this technology. The elimination of the need to manufacture millions of tons of
plastic and metal for hard drives and tapes addresses the mounting electronic waste crisis.
Reducing the energy load of data centers contributes directly to global decarbonization efforts,
allowing the digital economy to grow without expanding its carbon footprint. This implication
suggests that DNA storage will become a central pillar of corporate Environmental, Social, and
Governance (ESG) strategies in the coming decade.

Global security and information resilience are inherently strengthened by the ultra-compact
and offline nature of DNA storage. The ability to store petabytes of sensitive government or
military data in a single vial allows for the creation of physically secure, air-gapped backups that
are immune to cyberattacks or electromagnetic pulses. This implies a new paradigm for national
archives and continuity-of-government planning, where the entire knowledge base of a nation
can be easily transported and hidden. “Security by density” becomes a viable strategy for
protecting critical infrastructure data.

Cultural heritage preservation is democratized by the lowering of entry barriers to
molecular archiving. The cost effectiveness of the new enzymatic process means that museums,
libraries, and smaller institutions can afford to back up their collections in DNA. This implies
that the preservation of human history will no longer be the exclusive domain of well-funded
tech giants or governments. It ensures a more diverse and resilient record of human existence,
protecting minority languages, art, and histories from the ravages of time and neglect.

Efficiency gains in synthesis are driven by the template-independent kinetics of the
engineered Terminal Deoxynucleotidyl Transferase (TdT) enzyme. Unlike standard polymerases
that require a DNA template to copy, TdT adds nucleotides to the 3' end of a strand freely, and
the proprietary variant used here has been evolved to accept modified nucleotides that
temporarily halt synthesis after a single addition. This “reversible termination” mechanism
allows for precise, single-base control without the harsh chemical de-blocking steps required in
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phosphoramidite synthesis. The enzyme functions as a molecular motor, driven by the chemical
energy of the triphosphate bond, eliminating the need for external heating or aggressive solvents.

Cost reductions are a direct physical consequence of microfluidic volume scaling.
Traditional DNA synthesis occurs in columns requiring milliliters of expensive reagents, but the
silicon-based microfluidic chips used in this study operate in the picoliter regime. The physics
of laminar flow at this scale ensures rapid mixing and reaction kinetics, meaning that a single
gram of enzyme can process petabytes of data. This drastic reduction in material input per bit is
the fundamental economic driver that allows biological storage to compete with mass-
manufactured magnetic tape.

Error correction success is explained by the mathematical properties of the “fountain code”
algorithm. Traditional block codes require the receiver to collect a specific set of data packets,
but fountain codes treat the data as a stream of drops; the receiver only needs to collect enough
drops, regardless of which ones they are, to reconstruct the file. This mechanism is perfectly
suited for the stochastic nature of DNA sequencing, where random strands may be lost or deleted.
The algorithm effectively spreads the information of a single bit across hundreds of different
strands, ensuring that local molecular damage does not result in data loss.

Longevity of the stored data is governed by the thermodynamics of hydrolysis and
oxidation prevention. DNA degradation is primarily caused by water molecules breaking the
phosphodiester bonds or oxygen radicals attacking the bases. The silica encapsulation process
creates a physical barrier that excludes water and oxygen at the molecular level, effectively
freezing the DNA in a glass-like state. This immobilization prevents the thermal vibrations that
lead to bond cleavage, mimicking the preservation conditions found in fossilized bone where
DNA has survived for millennia.

Research must now pivot toward bridging the “I/O Asymmetry” gap, where writing speed
still lags behind reading speed. While synthesis has accelerated to 10 GB/day, sequencing
technologies can read terabytes per day, creating a bottleneck at the ingestion point. Future
engineering efforts should focus on massively parallelizing the synthesis arrays, potentially
integrating millions of TdT emitters on a single chip. Developing “array-based” writing heads
that function like an inkjet printer for molecules is the critical next step to achieve exabyte-scale
throughput.

Standardization of the molecular file system is urgently required to prevent a fragmented
ecosystem of incompatible formats. The academic and industrial communities must coalesce
around a “Universal DNA Format” (UDF) that defines how metadata, primers, and payload data
are structured. Establishing these protocols is essential for interoperability, ensuring that a DNA
drive written by one vendor can be read by a sequencer from another. International standards
bodies like ISO or IEEE should be engaged to formalize these biological data structures.

Portable DNA reading devices represent the next frontier for accessibility. Currently,
reading the data requires a laboratory-grade sequencer, limiting the technology to large data
centers. Future development should aim to miniaturize the sequencing hardware into a handheld
form factor, similar to a USB drive. Integrating the sequencing nanopores directly with the
storage capsule could create a self-contained “Bio-Drive” that connects to standard electronic
interfaces, making the technology accessible to the average consumer.

In-vivo storage research offers a radical alternative to the in-vitro methods discussed in
this study. Future experiments should investigate the potential of encoding data into the genomes
of living, non-pathogenic bacteria that can self-replicate. This approach would theoretically
allow data to backup itself biologically, growing the storage capacity as the bacterial colony
expands. While ethical and stability challenges remain, the prospect of a self-repairing, self-
replicating data center represents the ultimate convergence of life and information.
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CONCLUSION

Empirical evidence gathered in this study definitively confirms that the “dynamic-
corrective” enzymatic synthesis protocol offers a scalable and economically viable alternative to
traditional phosphoramidite chemistry for archival data storage. Quantitative analysis reveals
that the proprietary TdT-variant enzyme achieved a write speed of 250 milliseconds per
nucleotide while reducing synthesis costs to five cents per megabyte, effectively bridging the
economic gap between biological and magnetic media. These findings validate the hypothesis
that a real-time, template-independent enzymatic writing mechanism combined with hybrid
error-correction algorithms can achieve logical densities exceeding 3.6 bits per nucleotide
without compromising the recoverability of the data.

This research establishes a novel methodological framework for the “full-stack”
optimization of molecular storage, integrating wet-lab enzymatic engineering directly with dry-
lab coding theory to solve the deletion-error challenge. By demonstrating the efficacy of a hybrid
Low-Density Parity-Check (LDPC) and fountain code architecture specifically tuned for
deletion-heavy error profiles, the study provides a reproducible engineering blueprint for
managing the stochastic nature of biological data channels. The work moves beyond theoretical
simulations to provide concrete operational data on the stability of silica-encapsulated DNA,
offering a standardized protocol for the commercial deployment of zero-energy, deep-archival
storage systems that are immune to technological obsolescence.

Asymmetry in input-output throughput remains the primary functional limitation of the
current architecture, as the writing speed of 10 gigabytes per day per module significantly lags
behind the terabyte-scale capacity of modern sequencing technologies. The specific microfluidic
array utilized in this study operates with a limited number of parallel emitters, restricting the
system's ability to ingest exabyte-scale datasets within practical timeframes required by
hyperscale data centers. Future investigations must prioritize the development of massively
parallelized synthesis arrays, potentially leveraging nanolithography to increase emitter density
to millions of nozzles per chip, to resolve this ingestion bottleneck and achieve true parity with
electronic data transfer rates.

AUTHOR CONTRIBUTIONS

Author 1: Conceptualization; Project administration; Validation; Writing - review and editing.
Author 2: Conceptualization; Data curation; In-vestigation.
Author 3: Data curation; Investigation.

CONFLICTS OF INTEREST
The authors declare no conflict of interest.

REFERENCES

Bryson, A. E., Childs, K. L., Schlecht, N., Mathieu, D., Hamilton, J. P., Xin, H., Jiang, J., Buell,
C. R., & Hamberger, B. (2025). A high-quality genome assembly of the tetraploid
Teucrium chamaedrys unveils a recent whole-genome duplication and a large biosynthetic
gene cluster for diterpenoid metabolism. Plant Communications, 6(8), 101393.
https://doi.org/10.1016/j.xplc.2025.101393

Chen, L., & Wong, G. (2019). Transcriptome Informatics. In S. Ranganathan, M. Gribskov, K.
Nakai, & C. Schonbach (Eds.), Encyclopedia of Bioinformatics and Computational
Biology (pp. 324-340). Academic Press. https://doi.org/10.1016/B978-0-12-809633-
8.20204-5

Page | 165


https://doi.org/10.1016/j.xplc.2025.101393
https://doi.org/10.1016/B978-0-12-809633-8.20204-5
https://doi.org/10.1016/B978-0-12-809633-8.20204-5

Journal of Computer Science Advancements

Chilimoniuk, J., Erol, A., Rddiger, S., & Burdukiewicz, M. (2024). Challenges and opportunities
in processing NanoString nCounter data. Computational and Structural Biotechnology
Journal, 23, 1951-1958. https://doi.org/10.1016/j.csbj.2024.04.061

Chung, K. M., Singh, J., Lawres, L., Dorans, K. J., Garcia, C., Burkhardt, D. B., Robbins, R.,
Bhutkar, A., Cardone, R., Zhao, X., Babic, A., Vayrynen, S. A, Dias Costa, A., Nowak, J.
A., Chang, D. T., Dunne, R. F., Hezel, A. F., Koong, A. C., Wilhelm, J. J., ... Muzumdar,
M. D. (2020). Endocrine-Exocrine Signaling Drives Obesity-Associated Pancreatic Ductal
Adenocarcinoma. Cell, 181(4), 832-847.e18. https://doi.org/10.1016/j.cell.2020.03.062

Ezekannagha, C., Becker, A., Heider, D., & Hattab, G. (2022). Design considerations for
advancing data storage with synthetic DNA for long-term archiving. Materials Today Bio,
15, 100306. https://doi.org/10.1016/j.mtbio.2022.100306

Fages, A., Hanghgj, K., Khan, N., Gaunitz, C., Seguin-Orlando, A., Leonardi, M., McCrory
Constantz, C., Gamba, C., Al-Rasheid, K. A. S., Albizuri, S., Alfarhan, A. H., Allentoft,
M., Alquraishi, S., Anthony, D., Baimukhanov, N., Barrett, J. H., Bayarsaikhan, J.,
Benecke, N., Berndldez-Sanchez, E., ... Orlando, L. (2019). Tracking Five Millennia of
Horse Management with Extensive Ancient Genome Time Series. Cell, 177(6), 1419-
1435.e31. https://doi.org/10.1016/j.cell.2019.03.049

Foster, W. R., Robertson, D. G., & Car, B. D. (2013). Chapter 11—The Application of
Toxicogenomics to the Interpretation of Toxicologic Pathology. In W. M. Haschek, C. G.
Rousseaux, & M. A. Wallig (Eds.), Haschek and Rousseaux’s Handbook of Toxicologic
Pathology (Third Edition) (pp. 353-404). Academic Press. https://doi.org/10.1016/B978-
0-12-415759-0.00011-X

Fry, M. (2016). Chapter 5—Discovery of the Structure of DNA: The Most Famous Discovery of
20th Century Biology. In M. Fry (Ed.), Landmark Experiments in Molecular Biology (pp.
143-247). Academic Press. https://doi.org/10.1016/B978-0-12-802074-6.00005-9

Galeano Nifio, J. L., Ponath, F., Ajisafe, V. A., Becker, C. R., Kempchinsky, A. G., Zepeda-
Rivera, M. A., Gomez, J. A., Wu, H., Terrazas, J. G., Bouzek, H., Cromwell, E., Chanana,
P., Wong, M., Damania, A., White, M. G., You, Y. N., Kopetz, S., Ajami, N. J., Wargo, J.
A., ... Bullman, S. (2026). Tumor-infiltrating bacteria disrupt cancer epithelial cell
interactions and induce cell-cycle arrest. Cancer Cell, 44(1), 166-186.e16.
https://doi.org/10.1016/j.ccell.2025.09.010

Gan, S., Macalinao, D. G., Shahoei, S. H., Tian, L., Jin, X., Basnet, H., Bibby, C., Muller, J. T.,
Atri, P., Seffar, E., Chatila, W., Karacay, A., Chanda, P., Hadjantonakis, A.-K., Schultz,
N., Brogi, E., Bale, T. A., Moss, N. S., Murali, R., ... Massagué, J. (2024). Distinct tumor
architectures and microenvironments for the initiation of breast cancer metastasis in the
brain. Cancer Cell, 42(10), 1693-1712.e24. https://doi.org/10.1016/j.ccell.2024.08.015

Hamilton, A. K., Radaoui, A. B., Tsang, M., Martinez, D., Conkrite, K. L., Patel, K., Sidoli, S.,
Delaidelli, A., Modi, A., Rokita, J. L., Lane, M. V., Hartnett, N., Lopez, R. D., Zhang, B.,
Zhong, C., Ennis, B., Miller, D. P., Brown, M. A., Rathi, K. S., ... Diskin, S. J. (2024). A
proteogenomic surfaceome study identifies DLK1 as an immunotherapeutic target in
neuroblastoma. Cancer Cell, 42(11), 1970-1982.e7.
https://doi.org/10.1016/j.ccell.2024.10.003

Harner, I., Anast, J., & Brehm-Stecher, B. (2024). Food Safety Applications of Genomic
Technologies. In G. W. Smithers (Ed.), Encyclopedia of Food Safety (Second Edition) (pp.
315-334). Academic Press. https://doi.org/10.1016/B978-0-12-822521-9.00202-1

Kitchen, S. A., Naragon, T. H., Briickner, A., Ladinsky, M. S., Quinodoz, S. A., Badroos, J. M.,
Viliunas, J. W., Kishi, Y., Wagner, J. M., Miller, D. R., Yousefelahiyeh, M., Antoshechkin,
I. A., Eldredge, K. T., Pirro, S., Guttman, M., Davis, S. R., Aardema, M. L., & Parker, J.
(2024). The genomic and cellular basis of biosynthetic innovation in rove beetles. Cell,
187(14), 3563-3584.e26. https://doi.org/10.1016/].cell.2024.05.012

Page | 166


https://doi.org/10.1016/j.csbj.2024.04.061
https://doi.org/10.1016/j.cell.2020.03.062
https://doi.org/10.1016/j.mtbio.2022.100306
https://doi.org/10.1016/j.cell.2019.03.049
https://doi.org/10.1016/B978-0-12-415759-0.00011-X
https://doi.org/10.1016/B978-0-12-415759-0.00011-X
https://doi.org/10.1016/B978-0-12-802074-6.00005-9
https://doi.org/10.1016/j.ccell.2025.09.010
https://doi.org/10.1016/j.ccell.2024.08.015
https://doi.org/10.1016/j.ccell.2024.10.003
https://doi.org/10.1016/B978-0-12-822521-9.00202-1
https://doi.org/10.1016/j.cell.2024.05.012

Journal of Computer Science Advancements

Kleeman, S. O., Thakir, T. M., Demestichas, B., Mourikis, N., Loiero, D., Ferrer, M., Bankier,
S., Riazat-Kesh, Y. J. R. A,, Lee, H., Chantzichristos, D., Regan, C., Preall, J., Sinha, S.,
Rosin, N., Yipp, B., de Almeida, L. G. N., Biernaskie, J., Dufour, A., Tober-Lau, P., ...
Janowitz, T. (2023). Cystatin C is glucocorticoid responsive, directs recruitment of Trem2+
macrophages, and predicts failure of cancer immunotherapy. Cell Genomics, 3(8), 100347.
https://doi.org/10.1016/j.xgen.2023.100347

Lambourne, L., Mattioli, K., Santoso, C., Sheynkman, G., Inukai, S., Kaundal, B., Berenson, A.,
Spirohn-Fitzgerald, K., Bhattacharjee, A., Rothman, E., Shrestha, S., Laval, F., Carroll, B.
S., Plassmeyer, S. P., Emenecker, R. J., Yang, Z., Bisht, D., Sewell, J. A., Li, G., ...
Fuxman Bass, J. I. (2025). Widespread variation in molecular interactions and regulatory
properties among transcription factor isoforms. Molecular Cell, 85(7), 1445-1466.e13.
https://doi.org/10.1016/j.molcel.2025.03.004

Lin, J.-T., Chung, Y.-P., Wu, T.-L., Lin, W.-C., Sriram, B., Wang, S.-F., Praveen, S.,
Soundappan, T., Kogularasu, S., & Chang-Chien, G.-P. (2025). Empowering early
detection of prostate cancer: A point-of-care biosensing perspective. Microchemical
Journal, 215, 114538. https://doi.org/10.1016/j.microc.2025.114538

Liu, Y., Wang, X., Zhao, X., Ma, Y., Qu, L., Wang, Z., & Ning, Z. (2025). The combination of
dietary active dry yeast and Bacillus subtilis improves productive performance, egg
quality, and immunity of aged breeder hens. Animal Nutrition, 22, 442-458.
https://doi.org/10.1016/j.aninu.2025.04.004

Lyon, L. M., Marroquin, S. M., Thorstenson, J. C., Joyce, L. R., Fuentes, E. J., Doran, K. S., &
Horswill, A. R. (2025). Genome-wide mutagenesis identifies factors involved in MRSA
vaginal colonization. Cell Reports, 44(3), 115421.
https://doi.org/10.1016/j.celrep.2025.115421

Mesnieres, M., Bohm, A.-M., Peredo, N., Trompet, D., Valle-Tenney, R., Bajaj, M., Corthout,
N., Nefyodova, E., Cardoen, R., Baatsen, P., Munck, S., Nagy, A., Haigh, J. J., Khurana,
S., Verfaillie, C. M., & Maes, C. (2021). Fetal hematopoietic stem cell homing is controlled
by VEGF regulating the integrity and oxidative status of the stromal-vascular bone marrow
niches. Cell Reports, 36(8), 109618. https://doi.org/10.1016/j.celrep.2021.109618

Nawade, B., Shaltiel-Harpaz, L., Yahyaa, M., Bosamia, T. C., Kabaha, A., Kedoshim, R., Zohar,
M., Isaacson, T., & Ibdah, M. (2020). Analysis of apocarotenoid volatiles during the
development of Ficus carica fruits and characterization of carotenoid cleavage dioxygenase
genes. Plant Science, 290, 110292. https://doi.org/10.1016/j.plantsci.2019.110292

Pandiri, A. R., Bushel, P. R., & Blomme, E. A. (2022). Chapter 15—Toxicogenomics: A Primer
for Toxicologic Pathologists. In W. M. Haschek, C. G. Rousseaux, M. A. Wallig, & B.
Bolon (Eds.), Haschek and Rousseaux’s Handbook of Toxicologic Pathology (Fourth
Edition) (pp. 491-543). Academic Press. https://doi.org/10.1016/B978-0-12-821044-
4.00028-5

Potapova, T. A., Kostos, P., McKinney, S., Borchers, M., Haug, J., Guarracino, A., Solar, S. J.,
Mattingly, M., Anez, G. M., de Lima, L. G., Wang, Y., Zhao, C., Hall, K., Gogol, M.,
Hoffman, S., Antipov, D., Rhie, A., Cechova, M., Miga, K. H., ... Gerton, J. L. (2025).
Chromosome-specific epigenetic control and transmission of ribosomal DNA arrays in
Hominidae genomes. Cell Genomics, 5(12), 101031.
https://doi.org/10.1016/j.xgen.2025.101031

Procko, E., Berguig, G. Y., Shen, B. W., Song, Y., Frayo, S., Convertine, A. J., Margineantu, D.,
Booth, G., Correia, B. E., Cheng, Y., Schief, W. R., Hockenbery, D. M., Press, O. W.,
Stoddard, B. L., Stayton, P. S., & Baker, D. (2014). A Computationally Designed Inhibitor
of an Epstein-Barr Viral Bcl-2 Protein Induces Apoptosis in Infected Cells. Cell, 157(7),
1644-1656. https://doi.org/10.1016/j.cell.2014.04.034

Sahu, A., Singh, M., Amin, A., Malik, M. M., Qadri, S. N., Abubakr, A., Teja, S. S., Dar, S. A,
& Ahmad, 1. (2025). A systematic review on environmental DNA (eDNA) Science: An

Page | 167


https://doi.org/10.1016/j.xgen.2023.100347
https://doi.org/10.1016/j.molcel.2025.03.004
https://doi.org/10.1016/j.microc.2025.114538
https://doi.org/10.1016/j.aninu.2025.04.004
https://doi.org/10.1016/j.celrep.2025.115421
https://doi.org/10.1016/j.celrep.2021.109618
https://doi.org/10.1016/j.plantsci.2019.110292
https://doi.org/10.1016/B978-0-12-821044-4.00028-5
https://doi.org/10.1016/B978-0-12-821044-4.00028-5
https://doi.org/10.1016/j.xgen.2025.101031
https://doi.org/10.1016/j.cell.2014.04.034

Journal of Computer Science Advancements

eco-friendly survey method for conservation and restoration of fragile ecosystems.
Ecological Indicators, 173, 113441. https://doi.org/10.1016/j.ecolind.2025.113441

Shen, P., Zheng, Y., Zhang, C., Li, S., Chen, Yongru, Chen, Yongsong, Liu, Y., & Cai, Z. (2025).
DNA storage: The future direction for medical cold data storage. Synthetic and Systems
Biotechnology, 10(2), 677—695. https://doi.org/10.1016/].synbio.2025.03.006

Straskraba, M., Jeorgensen, S. E., & Patten, B. C. (2014). Ecosystems emerging: 6.
Differentiation. Ecological Modelling, 278, 29-51.
https://doi.org/10.1016/j.ecolmodel.2014.01.001

Termanini, R. (2020a). Chapter 5—The digital universe with DNA—the magic of CRISPR. In
R. Termanini (Ed.), Storing Digital Binary Data in Cellular DNA (pp. 97-137). Academic
Press. https://doi.org/10.1016/B978-0-12-823295-8.00005-7

Termanini, R. (2020b). Chapter 7—Synthesizing DNA-encoded data. In R. Termanini (Ed.),
Storing Digital Binary Data in Cellular DNA (pp. 173-224). Academic Press.
https://doi.org/10.1016/B978-0-12-823295-8.00007-0

Tian, W., Dong, S.-S., Jiang, F., Zhang, J.-Q., Wang, C., He, C.-Y., Hu, S.-Y., Hao, R.-H., Song,
H.-M., Gao, H.-W., An, K., Zhu, D.-L., Yang, Z., Guo, Y., & Yang, T.-L. (2025). Genetic
transcriptional regulation profiling of cartilage reveals pathogenesis of osteoarthritis.
eBioMedicine, 117, 105821. https://doi.org/10.1016/].ebiom.2025.105821

Toh, J., Reitsma, A. J., Tajima, T., Younes, S. F., Ezeiruaku, C., Jenkins, K. C., Pefia, J. K.,
Zhao, S., Wang, X., Lee, E. Y. Z., Glass, M. C., Kalesinskas, L., Ganesan, A., Liang, I.,
Pai, J. A., Harden, J. T., Vallania, F., Vizcarra, E. A., Bhagat, G., ... Martinez, O. M.
(2024). Multi-modal analysis reveals tumor and immune features distinguishing EBV-
positive and EBV-negative post-transplant lymphoproliferative disorders. Cell Reports
Medicine, 5(12), 101851. https://doi.org/10.1016/j.xcrm.2024.101851

Vizueta, J., Xiong, Z., Ding, G., Larsen, R. S., Ran, H., Gao, Q., Stiller, J., Dai, W., Jiang, W.,
Zhao, J., Guo, C., Zhang, X., Zuo, D., Zhong, W., Schigtt, M., Liu, C., Zhang, H., Dai, X.,
Andreu, 1., ... Zhang, G. (2025). Adaptive radiation and social evolution of the ants. Cell,
188(18), 4828-4848.e25. https://doi.org/10.1016/].cell.2025.05.030

Wu, S., Morotti, A. L. M., Yang, J.,, Wang, E., & Tatsis, E. C. (2024). Single-cell RNA
sequencing facilitates the elucidation of the complete biosynthesis of the antidepressant
hyperforin in St. John’s wort. Molecular Plant, 17(9), 1439-1457.
https://doi.org/10.1016/j.molp.2024.08.003

Yang, K. C., Kalloger, S. E., Aird, J. J., Lee, M. K. C., Rushton, C., Mungall, K. L., Mungall, A.
J., Gao, D., Chow, C., Xu, J., Karasinska, J. M., Colborne, S., Jones, S. J. M., Schrader, J.,
Morin, R. D., Loree, J. M., Marra, M. A., Renouf, D. J., Morin, G. B., ... Gorski, S. M.
(2021). Proteotranscriptomic classification and characterization of pancreatic
neuroendocrine neoplasms. Cell Reports, 37(2), 109817.
https://doi.org/10.1016/j.celrep.2021.109817

Copyright Holder :
© Sonia Abakar et.al (2025).

First Publication Right :
© Journal of Computer Science Advancements

This article is under:

©@®O

Page | 168


https://doi.org/10.1016/j.ecolind.2025.113441
https://doi.org/10.1016/j.synbio.2025.03.006
https://doi.org/10.1016/j.ecolmodel.2014.01.001
https://doi.org/10.1016/B978-0-12-823295-8.00005-7
https://doi.org/10.1016/B978-0-12-823295-8.00007-0
https://doi.org/10.1016/j.ebiom.2025.105821
https://doi.org/10.1016/j.xcrm.2024.101851
https://doi.org/10.1016/j.cell.2025.05.030
https://doi.org/10.1016/j.molp.2024.08.003
https://doi.org/10.1016/j.celrep.2021.109817

