
Harnessing Synthetic DNA for Scalable  

and Sustainable Data Storage 
 

 

Dr. Attel Manjunath1, Nishchitha M H1 
1Department of Mechatronics Engineering 

Acharya Institute of Technology 

Bengaluru, India 

attelmanjunath@acharya.ac.in 

 

 

 

 

                Dheeraj P.1, Sanjana. R2, Akshatha M.1,  

Aryan J R.1, Krthi P.1 
1Department of Mechatronics Engineering 

Acharya Institute of Technology,  

                      2Department of Pharmacy 

       Acharya and BM Reddy college of pharmacy, 

 Bengaluru, India 

dheerajp.23.bemt@acharya.ac.in

 Abstract— Synthetic DNA data storage offers a revolutionary 

approach to encoding, storing, and retrieving digital information 

by leveraging the molecular properties of DNA. Unlike 

conventional storage methods that rely on binary sequences of 0s 

and 1s, DNA storage translates digital data into nucleotide 

sequences composed of adenine (A), cytosine (C), guanine (G), 

and thymine (T). This enables an exceptionally high data density, 

as vast amounts of information can be compressed into 

microscopic volumes. DNA’s inherent stability ensures that data 

can be preserved for thousands of years under optimal 

conditions, making it a highly durable and reliable medium for 

long-term storage. With the increasing volume of digital 

information generated worldwide, the need for scalable and 

sustainable storage solutions has never been greater. Traditional 

storage technologies such as hard drives, solid-state drives, and 

magnetic tapes are reaching their physical and ecological limits, 

requiring substantial energy for operation and contributing to 

electronic waste. DNA storage presents a promising alternative 

by significantly reducing material consumption and energy usage 

while offering unparalleled longevity. Unlike electronic storage 

media that require constant power to maintain data integrity, 

DNA storage is non-volatile and remains intact without 

continuous energy input, drastically cutting operational costs and 

environmental impact. Furthermore, advances in high-

throughput and enzymatic DNA synthesis are improving the 

efficiency and scalability of this technology, making it more 

accessible for real-world applications. While challenges remain in 

terms of cost, sequencing speed, and error correction, ongoing 

research is driving advancements in bioinformatics tools and 

synthesis techniques to enhance the reliability and affordability 

of DNA storage. As data storage demands continue to grow, 

DNA-based systems provide a viable solution that addresses both 

the scalability and sustainability concerns of modern digital 

storage infrastructures. The ability to encode, store, and retrieve 

massive datasets in an ultra-compact and long-lasting medium 

positions synthetic DNA as a transformative technology for the 

future of data preservation. With further development, DNA 

storage could become a fundamental component of next-

generation information systems, offering a durable, energy-

efficient, and environmentally friendly alternative to 

conventional data storage technologies. 
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I.  INTRODUCTION  

HE use of synthetic DNA for data storage presents numerous 

benefits, particularly in terms of scalability and sustainability. 

Traditional storage devices face challenges due to their 

relatively short lifespan and the exponential increase in data 

generation, which necessitates the constant construction of new 

storage resources. DNA molecules, however, can store up to 500 

Gb/mm3, a thousand times more than current hard disk drives 

(HDDs)[1]. This immense density makes DNA a highly compact and 

durable information storage medium, with the ability to preserve data 

for hundreds, if not thousands, of years when stored under 

appropriate conditions[1][2]. High-throughput DNA synthesis 

technology is a critical aspect of this process, enabling the encoding 

of binary data into long DNA sequences made up of the four 

nucleotide bases: adenine (A), guanine (G), cytosine (C), and 

thymine (T)[2]. Despite the high cost of DNA synthesis and the 

susceptibility of sequencing to errors, adhering to specific encoding 

rules can significantly mitigate these issues, making DNA a reliable 

medium for long-term data storage[1][3]. From an ecological 

perspective, synthetic DNA data storage offers substantial benefits 

over traditional storage methods. Data centers, which currently 

handle vast amounts of digital data, consume significant resources 

and contribute to considerable CO2 emissions comparable to the 

global airline industry[5]. In contrast, synthetic DNA has an 

estimated practical density of 1 Exabyte per cubic inch, drastically 

reducing the physical space required for storage[7]. This reduction in 

space, coupled with the long-term stability of DNA, lessens the 

environmental impact associated with building and maintaining 

extensive data center infrastructures[7][8]. Additionally, DNA's 

stability and storage capacity mean that less requitements and updates 

are needed, contributing to further sustainability. Researchers are 

continually enhancing the efficiency and capacity of DNA storage 

methods, with innovations such as "epi-bits" increasing storage 

potential and efficiency[9]. The ecological benefits, combined with 

the immense storage density and durability, position synthetic DNA 

as a highly promising solution for the future of scalable and 

sustainable data storage[1][2][7][8][9]. 
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II. LITERATURE REVIEW 

 

A. Challenges in Integration 

 

One critical barrier for synthetically deriving DNA data storage into a 

digital storage application is its difference in encoding and retrieving 

processes. While conventional digital storage relies on 0s and 1s, 

DNA stores something in four types of nucleotide bases—adenine 

(A), thymine (T), cytosine (C) and guanine (G)—for information 

encoding. Bridging this gap demands sophisticated encoding and 

decoding algorithms in a way that efficiently translates data into and 

from both formats, a complex and resource-hungry task [12][13] . 

 

Another barrier would be the speed with which you can write/read 

data in a DNA storage system. Current DNA synthesis and 

sequencing techniques are much slower than somewhat appropriate 

existing digital technologies such as solid-state drives (SSDs) and 

hard disk drives (HDDs) in relation to their read/write operation 

speed. Improving throughput is important if DNA storage is going to 

be relevant in high-speed, large-scale applications [12] . 

 

Research in DNA data storage has also to deal with challenges posed 

by the error rates and stability of data. DNA synthesis and sequencing 

are prone to errors such as insertion, deletion, and substitution 

mutations, which would compromise the integrity of the stored data. 

Hence strong error-correction mechanisms need to be applied to this 

type of storage. As well, it is very important that long-term stability 

and readability are addressed since DNA can be degraded over time 

when not stored under appropriate conditions of temperature and 

humidity [13]. 

 

B. Synthetic DNA Data Storage Technology 

 

One way of looking at this is that we are headed to a Zen-like 

scenario in which the data should be able to expand to the level of 

175 ZB (1 ZB=10¹² GB) by the year 2025 with tremendous 

flexibility. Resources that befit the immensity of collections of data 

around the world therefore will definitely be required for storing such 

collections of data. Certainly, DNA has turned into the smallest and 

yet most stable information storage medium to date. Its high coding 

density coupled with long preservation capacity gives it a forte over 

future data storage candidates [3].  

 

High-throughput DNA synthesis is a key enabling technology for 

"DNA data storage," which converts binary data streams (0/1) into 

long quaternary DNA sequences of the four bases (A/G/C/T). The 

entire workflow of DNA data storage, along with the fundamental 

methods of artificial DNA synthesis technology, is outlined to give a 

good foundation for understanding the field [3]. The technical 

characteristics of the various synthesis methods and the technological 

advancement of representative commercial companies significantly 

impact the growth of this technology.  

 

The research emphasizes the silicon chip microarray-based synthesis 

and cutting-edge enzymatic DNA synthesis. Besides, there is a 

continuous appraisal of cutting-edge developments in DNA storage 

and opportunities toward large-scale and high-throughput synthesis 

of DNA to match developments in the field [5]. 

 

C. Recent Advancements in Technologies 

 
Bioinformatics Tools  

Current Bioinformatics Tools for Reading Synthetic DNA Data 

The past years have recorded incredible success in progress of 

bioinformatics tools for reading synthetic DNA data as well as rolled 

in improvement in accuracy and efficiency in data interpretation. A 

key area that has drawn the attention of researchers involved with 

synthetic genetic codes now is actually their tracking up origin, either 

through bioinformatics or increasingly through deep learning-based 

computational methods. Even though the results have been best as far 

as deep learning technique is concerned compared to other traditional 

approaches for example BLAST, the current research by Computer 

Science Assistant Professor Todd Treangen investigates whether 

maybe even sequence alignment and pan-genome-based approaches 

would outperform these deep learning models. It is, therefore, a 

matter of combining traditional bioinformatics knowledge along with 

new computational advancements in order to perfect the analysis for 

synthetic DNA data. 

 

For example, the ever-going progress in genomics has seen some of 

the world's most furious demands for fresh development and 

dissemination of tools and knowledge in the scientific world. This 

would be given by an institution like Illumina to reach to this 

evolution as they have been introducing diverse tools to 

bioinformatics using open source sites like GitHub. They include 

mostly genotyping ends of the drug-metabolizing enzyme gene 

CYP2D6 by means of whole-genome sequencing data and a bunch of 

graph-based genotyping proficiency designed for structural variant 

detection from short-read sequencing data. A deep residual neural 

network has been created for classifying the pathogenicity of 

missense mutations, throwing some light on the greater realm and 

increased inclusion of artificial intelligence-driven inputs in 

bioinformatics. [26] In so doing, the tools open to the public in terms 

of collaboration are able to gain more research into fine-tuning and 

improving the methodologies in bioinformatics, thus advancing the 

field in synthetic DNA interpretation. 

 

Reading Data within Synthetic DNA Using Bioinformatics Tools 

With respect to the drastic increase in biological data, there exists 

rapid development in making the corresponding bioinformatic 

computational tools for data management and analysis, and it is 

within this arena that bioinformatics, as an emergent specialized 

field, [23] is evolving. Most of the activities of bioinformatics are 

creation and appli-cation of computational solutions in analyzing and 

interpreting biological data, which include that pertaining to synthetic 

DNA deposits [23]. Continuous evolution of bioinformatics databases 

and tools is significant for promising developments in synthetic 

biology [24]. 

 

As of today, there exists a great diversity of bioinformatics tools. 

Each one is created for a specific need within biological research. 

Such tools range from straightforward command-line applications to 

highly sophisticated graphical programs and standalone web-based 

services hosted by various bioinformatics organizations and public 

institutions [23]. These tools provide efficient reading, retrieval, 

sharing, and reuse capabilities regarding synthetic DNA data and as 

such are very instrumental in the streamlining of biological research 

and data interpretation [24]. Though there are many existing 

registries of tools to support these functions, still much capacity 

awaits discovery in that area. 

 

D. Bio Computer Using Synthetic DNA 

 

Tiny biological computers made up of DNA can change the way 

diseases are diagnosed and treated, but the critical limitation is that 

they can only be used once and die out pretty quickly [1]. By 

replacing DNA with RNA in the construction of circuits, scientists at 

the National Institute of Standards and Technology (NIST) have 

invented biological computers that might survive inside cells for long 
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times. Besides being as reliable and versatile as the other technology 

of DNA, the RNA-based circuits can be continually produced from 

living cell. This renders RNA as an attractive player of an effective, 

much more long-lasting biological computer [2].   

 

Biological computing relies on sequences of the four chemical bases 

making up DNA—adenine (A), thymine (T), cytosine (C), and 

guanine (G)—unlike traditional computing. With known sequences, 

research could direct binding targets by polymerizing these bases into 

specific sequences on a nucleic acid strand. Joining through certain 

associations, the engineered strands can associate with DNA, RNA, 

or proteins bound to disease and can induce a chemical reaction to 

process information and output results, such as detectable signals for 

medical diagnostics or therapeutic drugs. [4].   

 

This type of molecular sustains short life and is incapable of 

continuous monitoring of gene expression patterns because it needs 

to be thrown after a single use due to degradation occurring 

immediately after exposure to severe cellular environments where 

some proteins can degrade nucleic acids. Therefore, DNA circuits 

can be employed only once [6]. This indeed is an interesting fact 

because even though RNA is itself a nucleic acid and hence 

vulnerable to rapid degradation, it may under favorable 

environmental conditions actually serve as a renewable resource. 

Schaffter and his associates at NIST proved that RNA circuits being 

continuously produced by cells work just as well as DNA-based 

circuits [6].   

 

Adaptation of hydrogen as an advantage that RNA has over DNA is 

that the transcription process has naturally occurring cellular 

processes in which proteins continuously manufacture RNA from its 

template, the DNA of the cell. If a certain biological computer were 

specified by the genome of that cell, then those parts needed might be 

something that the cell could continually make. There is, however, 

one challenge encountered in biological computing, caused by 

unintended binding of single strands of nucleic acids with different 

components in the same circuit that may inhibit their targets; thus, 

such single strands in any circuit can bind together because of their 

natural shape compatibility, which complicates the design of circuits. 

[7]. 

 

E. Environmental Impacts 

 

The global generation of digital data is increasing at an exponential 

rate, with projections indicating a rise from three zettabytes in 2010 

to 180 zettabytes in the near future[15]. Traditional data storage 

systems are struggling to keep pace with this surge, leading to 

significant environmental concerns. These systems contribute to 

emissions, energy and water consumption, and waste due to the 

infrastructure, electronic computing, storage, and networking 

equipment required[14]. In response to these challenges, synthetic 

deoxyribonucleotide acid (DNA) has emerged as a promising 

medium for digital information storage. One of the most notable 

environmental advantages of DNA storage is its extremely high 

density; it can theoretically store up to 1 Exabyte per cubic inch, a 

much higher capacity than conventional storage media[14]. 

Additionally, DNA is remarkably stable and, when preserved under 

suitable conditions, can reliably store information for thousands of 

years, reducing the need for frequent data migration and the 

associated energy consumption[14]. The lifecycle of synthetic DNA 

data storage, from creation to eventual disposal, presents several 

environmental benefits over traditional storage technologies. Unlike 

traditional data centers, which require significant energy for cooling 

and operation, DNA storage does not necessitate continuous energy 

input once the data is written. This reduction in operational energy 

demand translates to lower overall emissions and a smaller carbon 

footprint[14][15]. Furthermore, the production of synthetic DNA is 

less resource-intensive compared to the manufacturing processes of 

electronic storage devices, which involve mining and processing of 

rare earth metals, resulting in substantial environmental 

degradation[14]. Thus, adopting synthetic DNA for data storage 

could provide a more sustainable solution to the burgeoning data 

storage crisis[15].  

 

F. Algorithm Development and Refinement 

 

Developing and refining algorithms for reading and writing data to 

synthetic DNA poses several significant challenges. One of the 

primary issues is the need for high precision and accuracy in both 

processes, as even minor errors can result in substantial data 

corruption[10]. To address these challenges, researchers have been 

focusing on enhancing error correction methods and developing more 

efficient encoding and decoding algorithms that can handle the 

intricacies of DNA data storage[11]. Additionally, advancements in 

genome sequencing technology, initially developed over three 

decades ago, have provided a strong foundation for these 

improvements. This technology enables not only the reading and 

editing of DNA but also facilitates writing, which is crucial for 

synthetic DNA data storage[12]. As the demand for data storage 

continues to grow exponentially, with estimates predicting a 

requirement of almost 9 zettabytes by 2024, the development of 

robust algorithms is becoming increasingly critical to ensure the 

viability of synthetic DNA as a sustainable data storage solution[11].  

 

 
Fig:1[12] 

 

G. Comparative Analysis Across Studies 

The document examines various dimensions of DNA data storage 

research, from encoding methods to storage longevity and emerging 

technologies. 

 

1. Longevity and Density 

 
Strengths: 

• DNA's theoretical storage capacity approaches 1 zettabyte per 

gram, with exceptional durability lasting thousands to 

millions of years under optimal conditions. 

•Innovative methods like encapsulation (e.g., silica particles) 

significantly enhance DNA stability under diverse conditions. 

Weaknesses: 

•High costs of synthesis (~$500/MB) and sequencing remain 

major barriers. 
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•Scalability issues persist, with most systems only handling 

megabyte-scale data. 

 

2. Encoding and Error Correction 

 
Advancements: 

• Static encoding schemes (e.g., Fountain Codes, Reed-

Solomon codes) provide robust error correction but are 

inefficient for dense datasets. 

• Dynamic Pattern-Aware Encoding (DP-DNA) improves 

encoding density (up to 1.98 bits/nucleotide) by tailoring 

schemes to binary patterns. 

• Neural network integrations (e.g., LSTMs) optimize error 

handling, with innovations like DNA former achieving rapid, 

robust reconstruction in noisy environments. 

Challenges: 

• Most systems rely on computationally intensive processes, 

limiting practical application. 

• Simulation-based methods lack real-world validation and 

adaptability to sequencing noise. 

 

3. Technological Approaches 

 
Synthesis and Sequencing: 

• Emerging enzymatic and semiconductor-based techniques 

(e.g., CMOS chips) aim to reduce costs and improve 

throughput. 

• Advances in nanopore sequencing show promise but face 

high error rates in noisy conditions. 

• Selective Access: 

• Thermodynamic tuning offers novel approaches for random 

access and file previews, balancing database capacity and 

specificity. 

• CRISPR-based systems enable dynamic, rewritable storage, 

but at the cost of lower density and slower speeds. 

 

Environmental and Economic Considerations 

• Efforts to incorporate sustainability into storage (e.g., 

DMOS) reduce environmental costs by avoiding de novo 

synthesis. 

• Enzymatic and hybrid synthesis methods offer paths toward 

cost reductions but need further development for industrial 

scalability. 

 

4. Identified Research Gaps 

 
Error Handling: 

• Limited focus on probabilistic models and hybrid error 

correction tailored for real-world insertion/deletion noise. 

• Minimal exploration of secondary structures and their impact 

on storage reliability. 

Scalability: 

• Few studies have tested encoding methods on large datasets 

(terabyte-scale or larger). 

• Integration of real-time systems for dynamic applications 

remains unexplored. 

• Environmental Impact: 

• Few studies address sustainability comprehensively, despite 

recognition of chemical synthesis's ecological footprint. 

Validation: 

• Heavy reliance on simulations highlights the need for wet-lab 

experiments to test encoding frameworks, adaptive 

algorithms, and innovative synthesis methods. 

 

5. Future Research Opportunities 

 
Innovations in Encoding and Error Correction: 

• Develop hybrid models combining deep learning (e.g., 

transformers) with traditional error correction for improved 

density and adaptability. 

• Explore secondary structure elimination to ensure long-term 

reliability in diverse environments. 

Scalability and Cost Reduction: 

• Prioritize advances in enzymatic synthesis and sequencing 

technologies, leveraging semiconductor miniaturization for 

scalability. 

• Reduce computational overhead in dynamic encoding 

methods for cost-effective large-scale deployment. 

Environmental Sustainability: 

• Investigate biocompatible materials and CRISPR-based 

systems to balance density, speed, and ecological impacts. 

• Implement sustainable, low-waste synthesis pipelines to 

facilitate commercial viability. 

Dynamic and Real-Time Applications: 

• Enhance selective access mechanisms with metadata indexing 

to support dynamic data retrieval. 

• Combine random-access methodologies with rewritable 

systems for flexible, scalable storage solutions. 

Long-Term Stability: 

• Conduct studies on environmental aging and depurination to 

refine predictive models for DNA viability. 
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• Hybridize encapsulation techniques with dried storage 

methods for optimal cost-density-stability trade-offs. 

 

6. Recommendations for Application-Specific Designs 

 
Archival Storage: 

• Focus on maximizing density and stability with static 

encoding methods and robust encapsulation. 

Dynamic and Interactive Systems: 

• Prioritize adaptive coding and rewritable approaches like 

DMOS, addressing trade-offs between density and flexibility. 

High-Noise Environments: 

• Develop hybrid error-correction frameworks combining 

Illumina and nanopore sequencing to manage high error rates. 

 

 

7. Broad Insights 

 

• The fusion of digital and biological domains offers 

transformative potential, with DNA storage positioned to 

revolutionize data archiving and management. 

• To achieve practical adoption, future research must balance 

innovation with scalability, cost-effectiveness, and 

sustainability. 

• Hybrid systems that integrate advances in AI, bioengineering, 

and chemistry present the most promising path forward. 

 
 

Fig:3[24] 

III. METHODOLOGY 

The encoding methodologies currently used for the encoding 

digital data into deoxyribonucleic acid (DNA) molecules have 

been researched deeply because DNA seems to be quite a 

possible alternative for archival memory technology. These 

processes convert the given binary values into nucleotide 

sequences which are then synthesized into DNA molecules. 

The latest advances in DNA synthesis and sequencing 

technologies give a huge amount of data storage potential with 

greatly reduced costs for DNA storage [10]. 

 

Among the obstacles that the engineers come across include 

ensuring the integrity of both the data during the encoding as 

well as the decoding process. Successful in vitro storage and 

retrieval of real-life data was attained, and possible errors 

arising from both DNA synthesis and sequencing were 

remedied by error-correcting algorithms. Advanced coding 

methods have led researchers to develop extremely reliable 

systems that accurately store information after repitative write 

and read cycles. New machine learning approaches are started 

to be focused upon to gain better data reconstruction, 
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decreased sequencing errors, and better retrieval efficiency. 

Only time will tell how this methodology will significantly be 

improved in the future to make DNA-based storage systems 

applicable for practical, large-scale use [10]. 
 

A. Encoding and Data Retrieval 

 
DNA digital data storage consists mainly of encoding and decoding 

synthesized DNA strands with binary data, using the molecule's 

nucleotide bases (A, C, G, T) as a medium for information storage 

instead of conventional 1s and 0s. Such a method has an incredible 

prospect for high-density storage, already demonstrated in June 2019, 

when scientists were able to code all 16 GB of the English Wikipedia 

text into synthetic DNA.  

 

The data gets encoded by converting the binary data to nucleotide 

sequences, and these in turn are synthesized to form physical DNA 

strands that can then be stored and sequenced later to retrieve the 

original digital data. The efficiency of DNA data storage depends on 

optimal encoding procedures that conserve resources while providing 

error protection. These procedures should guarantee that DNA 

sequences are recognizable as artificial and the ability to maintain 

their data integrity for possibly up to 1,000 years.  

 

To retrieve digital data, the stored DNA strands are sequenced to get 

the nucleotide sequences, which are then converted back into binary 

data. One of the most serious threats to nucleic acid data integrity lies 

in the absolute preservation of data from modification because, even 

if the original data remain intact, the synthesized nucleic acids may 

induce errors in a subsequent step, such as in sequencing. The cost 

implications of DNA storage and the relatively slow read/write speed 

limit its application, but with continuous development, improvements 

in these limitations can be expected [14][15][19].  

 

DNA storage is seen as a viable solution for the ever-increasing 

global demand for data storage projected to reach around 175 billion 

trillion bytes by 2025. Incredibly, in theory, all this data could fit into 

a 15-gallon drum weighing under 180 pounds, indicating the promise 

of DNA for extreme storage density [13]. In addition, it is cheaper, 

energy-efficient, and long-lasting, compared to conventional 

magnetic tape storage. When appropriately encapsulated in salt, DNA 

is virtually stable at room temperature for decades, with a possibility 

of lasting more under controlled conditions for an even longer time 

[14][17]. 

 
Fig:2[3] 

                         

B. Ensuring Data Integrity 

 
In the field of DNA data storage, ensuring the integrity of encoded 

data is paramount. Advanced techniques in encoding and error 

correction have been developed to address this challenge. The 

process begins with the conversion of digital data into DNA 

sequences through sophisticated encoding algorithms that map binary 

data to nucleotide sequences. This is followed by the application of 

robust error correction methods to protect against potential 

degradation or errors during synthesis, storage, and retrieval[11]. One 

common approach involves the use of redundancy, where multiple 

copies of the same data are stored to provide a fallback in case of data 

corruption. Additionally, researchers employ sophisticated algorithms 

like Reed-Solomon codes and low-density parity-check (LDPC) 

codes, which are effective in correcting errors by analyzing and 

rectifying discrepancies in the DNA sequence[11]. By leveraging 

these methods, the integrity of data can be maintained, ensuring 

reliable and accurate retrieval even after prolonged storage periods. 

 

C. Durability and Stability 

 
As a result, synthetic DNA is extremely aging resistant and stable 

over the years, making it a strong contender for green data storage. 

Rapid aging tests at 70 degrees Celsius with 50% relative humidity 

demonstrated the impressive stabilizing effects of calcium phosphate, 

calcium chloride, and magnesium chloride on solid-state DNA at 

high DNA loadings (>20 wt%) under such conditions [20][21]. 

Interestingly, after undergoing accelerated aging, a magnesium 

chloride (MgCl₂)-based digital DNA storage system retained and 

retrieved a 115 kB digital file, demonstrating the feasibility of such 

systems in the long-term preservation of data integrity [20][21].   
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Stability of DNA under a myriad of storage and processing 

conditions will primarily influence the design and performance of 

these DNA-based storage systems. Since DNA has literally become a 

storage medium, structural integrity of DNA must ensure that 

documents can be saved reliably for long periods. Some of the 

requisite factors impacting DNA stability have been studied, and 

recommendations on viable storage conditions and molecular 

configurations have been suggested to optimize this potential for data 

storage [22]. This will thus offer a solution to increasing electronic 

waste and also address the surging needs of energy, materials, and 

space that are consumed by today's traditional electronic storage 

technologies [22]. 

            

D. DNA Synthesis Technologies 

 
High-throughput DNA synthesis and enzymatic DNA synthesis are 

critical technologies that change the efficiency and scalability 

landscape for synthetic DNA data storage. High-throughput DNA 

synthesis consists of rapidly synthesizing large volumes of synthetic 

DNA sequences to encode data in a compact manner [27][28]. The 

new system, therefore, speeds up the DNA data storage process, 

while at the same time, it significantly cuts the costs, making larger 

applications of data storage feasible [29]. 

 

Enzymatic DNA synthesis refines further the whole process by 

developing more efficient and accurate methods of DNA sequence 

construction, increasing fidelity and reliability of the data. With these 

technical advances, a new venue is being opened for sustainable 

applications in DNA data storage, pushing the limits of bio-

computing systems. 

 

The recent advancements in DNA sequencing technologies have 

significantly improved the efficiency and accuracy of using synthetic 

DNA for data storage. Sequencing, a rapidly evolving field, has 

undergone substantial innovations in recent years, especially between 

2022 and 2023. This period has seen a range of developments from 

advancements in the sequencing market to innovations in multi-

omics, proteomics, and solid-state nanopore sequencing[18]. Starting 

from the first-generation Sanger sequencing in the 1970s, sequencing 

technologies have advanced through the second and third generations 

over the last decade and a half[19]. 

 

These advancements have enhanced the ability to sequence long and 

short reads, which are critical for different applications in genomics, 

transcriptomics, and other omics fields[19]. The improvements in 

DNA sequencing technologies in 2023 have particularly focused on 

next-generation sequencing (NGS). NGS technologies have been 

categorized into long-read and short-read sequencing methods, each 

contributing uniquely to the efficiency and accuracy of sequencing 

processes[20]. These advancements facilitate whole-genome 

sequencing, whole-exome sequencing, and targeted sequencing, 

providing comprehensive and precise data crucial for synthetic DNA 

applications[19]. 

 

IV. RESULT AND DISCUSSION 

The study on synthetic DNA as a data storage medium presents 

promising advancements in encoding, decoding, and long-term 

sustainability. The results from various research efforts underscore 

the potential of DNA storage to overcome the limitations of 

conventional digital storage technologies. Through analysis of prior 

works, it is evident that synthetic DNA exhibits remarkable density, 

stability, and longevity, making it a viable alternative for scalable 

data storage. 

 

Efficiency of Encoding and Decoding Methods 

 

Recent developments in encoding techniques have significantly 

improved the accuracy and efficiency of DNA-based data storage. By 

employing error-correcting algorithms, such as Reed-Solomon and 

Fountain codes, researchers have been able to mitigate errors 

associated with DNA synthesis and sequencing processes [10]. The 

study conducted by Church et al. demonstrated the successful 

encoding of digital files into DNA strands with an error rate of less 

than 0.1% after multiple retrieval cycles [11]. Similarly, Goldman et 

al. proposed a novel overlapping encoding approach that increased 

redundancy, ensuring more accurate data retrieval [12]. These 

improvements indicate that while DNA storage still faces challenges 

in terms of sequencing errors, continuous refinement in encoding 

techniques is steadily enhancing its reliability. 

 

Sustainability and Environmental Impact 

 

A critical advantage of DNA-based data storage is its potential to 

reduce electronic waste and energy consumption. Unlike traditional 

storage media, such as hard drives and magnetic tapes, which require 

constant energy input for maintenance, DNA storage remains stable 

for centuries under proper conditions [13]. Studies have highlighted 

that DNA storage requires significantly less space, with a single gram 

of DNA capable of holding approximately 215 petabytes of data [14]. 

This remarkable data density suggests that DNA storage could 

alleviate the growing demand for datacentres, which currently 

contribute substantially to global energy consumption. Furthermore, 

the use of biocompatible and recyclable materials in DNA synthesis 

enhances its sustainability compared to silicon-based technologies 

[15]. 

 

Comparison with Existing Storage Technologies 

 

In contrast to conventional storage technologies, DNA storage offers 

unparalleled longevity. Magnetic tapes, for instance, have a lifespan 

of approximately 30 years, while DNA can remain stable for 

thousands of years when stored in dry, cool environments [16]. The 

comparative analysis by Grass et al. demonstrated that DNA retained 

its encoded information even after extreme aging simulations 

equivalent to thousands of years, reinforcing its durability as a long-

term archival storage medium [17]. However, current limitations, 

such as the slow read/write speeds and high costs associated with 

DNA synthesis, pose challenges for widespread adoption. Ongoing 

advancements in enzymatic DNA synthesis and nanopore sequencing 

technologies are expected to address these limitations in the near 

future [18]. 

 

Challenges and Future Prospects 

 

Despite its immense potential, DNA-based data storage still faces 

technological and economic hurdles. The high cost of DNA synthesis 

remains a significant barrier, with current prices making large-scale 

implementation impractical. Additionally, read/write speeds lag 

behind traditional storage methods, limiting its usability for real-time 

data access. However, emerging research on enzymatic synthesis 

methods, such as DNA Script's enzymatic polymerization approach, 

is expected to accelerate write speeds and lower costs in the coming 

years [19]. Furthermore, integration with artificial intelligence for 

optimized data encoding and retrieval may enhance efficiency, 

making DNA storage a more feasible alternative [20]. 

In conclusion, synthetic DNA presents a revolutionary approach to 

scalable and sustainable data storage. While challenges remain, 

ongoing advancements in bioinformatics, DNA synthesis, and 

sequencing technologies are paving the way for its broader 

implementation. Future research should focus on improving synthesis 

efficiency, reducing costs, and integrating machine learning 
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techniques to further enhance DNA storage's practicality in 

mainstream applications. 

V. CONCLUSION 

 
The exploration of synthetic DNA for data storage signifies a 

groundbreaking shift in the way information can be archived, 

accessed, and preserved. With unmatched storage density, durability 

spanning millennia, and a substantially smaller ecological footprint 

compared to traditional methods, synthetic DNA has the potential to 

transform data management practices. 

However, the journey from concept to widespread adoption is fraught 

with challenges. High synthesis and sequencing costs, scalability 

limitations, and error-handling inefficiencies remain significant 

barriers. Current research also heavily relies on simulations, 

highlighting the need for more empirical validation through wet-lab 

experiments and real-world testing. 

 

Despite its promise, several challenges hinder its widespread 

adoption: 

• High Costs: The synthesis and sequencing of DNA are 

prohibitively expensive, impeding scalability. 

• Error Management: Efficient and robust encoding and error-

correction mechanisms are still in development. 

• Scalability: Current technologies handle limited data sizes, 

falling short of meeting the demands of global digital storage 

needs. 

• Validation Gap: Heavy reliance on simulations underscores 

the need for empirical testing in real-world environments. 

 

Future progress  

To realize its potential, synthetic DNA storage requires: 

• Advancements in Error Correction: Hybrid models 

integrating traditional and AI-driven methods. 

• Cost Reduction: Focus on enzymatic synthesis and 

semiconductor technologies for efficiency. 

• Scalability and Accessibility: Development of systems that 

can handle terabyte-scale or larger datasets. 

• Sustainability: Implementation of low-waste, eco-friendly 

synthesis processes. 

• Real-World Testing: Bridging the gap between laboratory 

research and practical applications. 

Final Outlook:Synthetic DNA storage holds immense promise, not 

only for archival purposes but also for dynamic and interactive data 

systems. Its potential to address global data challenges, combined 

with ongoing innovations at the intersection of AI, bioengineering, 

and chemistry, positions it as a key player in the future of scalable, 

sustainable information technology. However, achieving widespread 

adoption will require balancing innovation with practical 

considerations of cost, scalability, and environmental impact. 
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