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Abstract
DNA storage as a disruptive technology is expected to solve the problem of massive data stor-

age. Based on bibliometric analysis of DNA storage related papers and patents, this paper analyzes

the development trend of DNA storage technology. The results show that DNA technology is still in

the development stage, in which only a small number of researchers are involved. USA is the global

leading country of DNA storage research. Both universities and companies in USA have played an

important role in promoting DNA storage research. China is second only to USA in the number of

DNA storage related papers or patents. However, in terms of patents layout, Chinese institutions

don’ t have sufficient intention of opening up the global market in the application of DNA storage.

Although there have been several breakthrough advances in DNA storage, there are still many chal-

lenges to be solved.
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0 Introduction

The digital revolution triggered a paradigm shift in
how to generate and store information, resulting that
digital data production has been growing exponentially.
The total digital information today amounts to 3. 52 X
10* bits globally, and its consistent exponential rate of
growth is expected to reach 3 x 10* bits by 2040/
This trend will soon exceed the capacity of existing
storage media, such as hard disk and flash memory.
The current storage media have gradually exposed many
problems. In recent years, deoxyribonucleic acid
(DNA) as nature’ s oldest storage medium with the
largest capacity has attracted widespread attention and
has become an attractive potential data storage medi-
um. In contrast to current storage media, longevity and
stability are the significant advantages of DNA stor-
agel
preserve without the harsh requirements of constant

. DNA molecules are very stable and easy to

temperature and humidity. DNA molecules have super
DNA data

storage does not need to dissipate heat and it is not af-

anti-electromagnetic interference ability.

fected by physical factors such as vibrations, high tem-
peratures, and magnetic fields. DNA molecules can

endure over millennia under appropriate storage condi-

71 DNA storage also has high volume and high

tions

density storage capacity.

DNA storage involves four major steps. First, pic-
tures, videos, documents, and other information must
be converted into a sequence of four bases in the DNA.
Generally, the current storage media uses the stream of
binary data to store information. In a similar way,
DNA as an organic molecule consisting of four bases
(A, C, G, T) is as a contiguous string of quaternary
(base4) numerals. Different encoding and compres-
sion algorithms are used in DNA storage. For binary da-
ta, the most intuitive conversion is representing 2 bits
with one base (for example, A, C =0; G, T =
1)'®!. However, the low information density preven-
ted its use in later studies. Ternary transcoding meth-
ods are developed in DNA storage. A Huffman code
translates binary to ternary digits, and a rotating enco-
ding translates ternary digits to nucleotides'"®’. With
the continuous improvement of DNA storage encoding
technology, many encoding methods such as exclusive-

11-12] Sec-

or (XOR) encoding have been developed'
ond, synthesize DNA (write) and store in vivo such as

biological cells, bacteria or other living organ-

[13-14]

isms , or store in vitro such as being frozen in so-

lution or dried down for protection from the environ-
ment'*'. Ref. [16] devised a DNA-of-things ( DoT)
storage architecture to produce materials with immuta-
ble memory. The biggest breakthrough of this research
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is to confirm the theory that everything can realize DNA
storage, and it is not restricted by any shape, which
also makes the commercial value of DNA storage.
Third, retrieve DNA data from the DNA pool in a
process called random access. Random access within
DNA data pools can be accomplished via polymerase
chain reaction ( PCR) based enrichment with primer
pairs that map to specific data items generated during
the encoding process. It is challenging for random ac-
cess of DNA storage because of the lack of physical or-
ganization across data items in the same DNA pool.
Magnetic bead and other methods can be supported in
the random access processes of DNA storage " .
Fourth, sequence the selected DNA (read) and de-
code DNA sequences back into the original digital da-
ta. The most common sequencing methods have low-
throughput sequencing (for example, Sanger), high-
throughput sequencing (for example, Illumina) , nano-
pore sequencing for real-time data reading ( for exam-

ple, Oxford Nanopore Technologies) , and so on'"’.

1 Method and data collections

DNA storage has recently emerged as a promising
approach for massive data storage because of its endur-
ance, higher degree of compaction and unique biologi-
cal properties. It is important for studying the develop-
ment trend of DNA storage. At present, the study on
development trend of DNA storage is mostly based on
the method of literature review. From literature review,
the knowledge of DNA storage history is more appar-
ent, which is lacking of factual and objective data to
support. DNA storage is an emerging technology, and
its research enthusiasm is far less than the other emer-
ging technologies, such as artificial intelligence or gene
editing. Ref. [20] compared the differences between
China and the United States in the field of DNA storage
based on papers and patents. There are very little re-
searches on DNA storage based on the bibliometric
methods. Bibliometric analysis is a basic but an effec-
tive way to detect and examine the emergence of a new
technology'™’. In this work, a bibliometric method based
on papers and patents is used to analyse the develop-
ment trend of DNA storage. Origin is used for drawing
the statistical graphs. CiteSpace as a scientific visual-
ization tool is used in the analysis of keywords.
CiteSpace is used to deal with the data cleaning and
the data preprocessing. Artificial analysis is used in
keywords screening and organizations cleaning.

The papers data are retrieved from Web of Science
Core Collection database. Search string is TS ( Topic)
= ((((store or storage) NEAR/1 (data or informa-

tion or digital ) ) NEAR/5 DNA) or ( ° DNA-based
storage’ ) or ( ‘ DNA storage’ ) or ( (( ‘nucleic acid
$’) or DNA) and ((° information storage’) or
( “data storage’ ))) or ( * DNA based memory’ ) or
( *DNA based memories’ ) or ( ‘ message in DNA’ )
or ( ‘message into DNA’ ) or ( ‘ messages in DNA’)
or ( ‘messages into DNA’ ) or ( * DNA databases for
the storage’ ) or ( ‘data storage’ in ‘ nucleic acid
$’) or (‘information based on DNA’ ) or ( ‘ DNA
memory’ ) or ( ‘signatures into genomic DNA’) or
( “ digitized genome sequence information’ ) or ( ‘dig-
ital information in DNA’) or ( ‘ Nucleic acid memo-
ry’ ) or ( ‘memory using the DNA’ ) ). Time span is
set ‘ from 1900 to 2020’ .
on January 7, 2021.

The patents data are retrieved from Innograpghy

1,040 papers were obtained

database. Search string is @ (abstract, pclaims, title)
(( ‘DNA storage’ ) or ( ‘ DNA based memory’) or
(“store data in DNA’) or ( ‘store information in
DNA’ ) or ( ‘store digital information in DNA’ ) or
( *DNA data storage’ ) or ( ‘information storage with
DNA’) or ( ‘data storage with DNA’) or ( * DNA-
based storage’ ) or ( ‘ data storage in nucleic acid’ )
or ( ‘ DNA-based data storage’) or ( ‘ information
based on DNA’) or ( *digital information in nucleic
acid’ ) or ( ‘digital information in DNA’) or ( ‘nu-
cleic acid memory’ ) ) or @ (abstract, title) ( (( ‘nu-
cleic acid” ) or DNA) and ( ( ‘information storage’ )
or ( “data storage’ )) ). Filing time span is set ‘from
19000101 to 2020-12-31’. 569 patents were ob-
tained on January 7, 2021.

Due to the lag of data statistics of Web of Science
and Innography database, the data of 2020 may be in-
complete and just for reference. As patents are affected
by the examination system, there is generally a delay of
2 =3 years from application to publication.

2 Results and analysis

2.1 The number of annual papers and patents
distribution analysis

The number of annual papers and patents distribu-
tion (Fig.1) shows a preliminary understanding of the
development process of DNA storage. Before 1990, the
study of DNA storage appeared to be piecemeal. There
was a small peak in the study of DNA storage between
2001 and 2007, of which 54 patents were filed in
2005. After 2015, the number of papers and patents
was increasing year by year. The number of annual pa-
pers peaked at 119 in 2019, and the number of annual
patents peaked at 87 in 2018. The basic concept of
using DNA for data storage can be dated back to the
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mid-1960s, when Refs[22-23 ] discussed the idea of
genetic memory. Since then, many researchers have
worked on developing this initial idea towards a viable
product. Ref. [24] demonstrated microvenus icon cod-
ing in synthetic DNA in 1988 and an ancient Germanic
rune was incorporated into live Escherichia coli cells in
1996. In the early 2000s, a simple way was proposed
to use codon triplets for encoding alphabets, suggesting
great potential for DNA as a storage medium'®’. A
major breakthrough occurred in the early 2010s, which
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Fig.1 Number of annual papers and patents distribution

is the feature key work on the modern reincarnation and
(8.10] " Recently, the
amounts of DNA storage research are gradually increas-

demonstration of DNA storage

ing with increasingly complex methods, a holistic, no-
vel solution for data handling completely run on DNA
could become a reality.

2.2 The subject category distribution analysis

Table 1 and Fig. 2 show the subject category dis-
tribution of DNA storage. The subject categories of
DNA storage related papers are classified according to
the function of Web of Science categories. Table 1
shows the top 15 Web of Science categories of DNA
storage related papers. The top 5 categories of DNA
storage related papers are engineering electrical elec-
tronic, chemistry multidisciplinary, computer science
theory methods, multidisciplinary sciences and bio-
chemistry molecular biology. Each of the top 5 catego-
ries has more than 100 related papers. Nano science,
materials science and physics are also shown in the
lower rank categories. The Cooperative Patent Classifi-
cation (CPC) is a patent classification system, which
has been jointly developed by the European Patent Of-
fice (EPO) and the United States Patent and Trade-
mark Office (USPTO).

Table 1 Web of Science categories of DNA storage related papers
Rank Categories Count  Proportion/%
1 Engineering electrical electronic 131 12.596
2 Chemistry multidisciplinary 115 11.058
3 Computer science theory methods 107 10.288
4 Multidisciplinary sciences 106 10.192
5 Biochemistry molecular biology 101 9. 712
6 Computer science information systems 94 9.038
7 Biotechnology applied microbiology 80 7. 692
8 Biochemical research methods 75 7.212
9 Nanoscience nanotechnology 71 6.827
10 Materials science multidisciplinary 71 6.827
11 Mathematical computational biology 61 5.865
12 Genetics heredity 60 5.769
13 Physics applied 55 5.288
14 Chemistry physical 48 4.615
15 Computer science artificial intelligence 46 4.423

CPC is substantially based on the previous Euro-
pean classification system ( ECLA), which itself is a
more specific and detailed version of the International
Patent Classification (IPC) system. CPC class of DNA
storage related patents is classified according to CPC
class function of Innography. There are 6 CPC main
groups of DNA storage related patents in Fig.2, C

(chemistry metallurgy ) , G ( physics), B ( performing
operations transporting ) , A (human necessities ) , H
(electricity ) and F ( mechanical engineering lighting
heating weapons blasting). The top 5 secondary classi-
fications are C12 ( biochemistry beer spirits wine vine-
gar microbiology enzymology mutation or genetic engi-
neering) , GO6 ( computing calculating counting) , BO1
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('separating mixing ) , B82 ( nanotechnology ) and G16
(B0/00: :-+). Based on the results of Table 1 and
Fig.2, DNA storage technology covers a variety of sub-
ject category, such as chemistry, biology, physics,
computer science, nano science and materials science,
which is a multidisciplinary technology.

a

Fig.2 CPC class of DNA storage related patents

2.3 The country distribution analysis

In the field of DNA storage, a total of 69 countries
or regions have published relevant papers and the top
15 countries or regions of DNA storage related papers
are shown in Fig. 3. The number of DNA storage relat-
ed papers in USA is 438, accounting for 42. 115% of
the world” s total. USA is the main country for DNA
storage related papers published and China is close be-
hind. The number of DNA storage related papers in
China is 131, accounting for 12.596% of the world’ s
total. The number of DNA storage related papers of
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Fig.3 Countries or regions of DNA storage related papers
in the world

these two countries accounts for more than half of the
world” s total. England, Germany and France rank
third to fifth respectively and each country accounts for
more than 5% of the word’ s total. The number of
DNA storage related papers in other countries is less
than 50, accounting for less than 5% of the word’ s to-
tal.

In the field of DNA storage, a total of 19 coun-
tries’ inventors filed relevant patents and the source
jurisdictions are a total of 57 countries or organizations.
The top 9 locations of DNA storage related patents’ in-
ventor and the top 10 source jurisdictions of these pa-
tents are shown in Fig. 4. The number of source juris-
dictions counts expand due to EPO documents included
in each active designated state. Similar to the result of
Fig.3, USA is the main country for DNA storage relat-
ed patents filed and China is also close behind. The
number of DNA storage related patents in the location
of USA is 266 and in the source jurisdiction of USA is
139. In these 266 patents, there are 104 patents,
whose source jurisdiction is USA. DNA storage related
patents’ inventors in USA are inclined to develop a
global patent layout. The number of DNA storage relat-
ed patents in the location of China is 105 and in the
source jurisdiction of China is 116. In these 105 pa-
tents, there are 90 patents, whose source jurisdiction is
China. Patents inventors will apply for patents in dif-
ferent target market countries to achieve the purpose of
occupying the international market. The source juris-
dictions are in more countries, the greater the technical
value or market value of the patents are. By compari-
son, USA inventors pay more attention to the applica-
tion market of DNA storage.
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Fig.4 Countries or organizations of DNA storage related
patents in the world
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2.4 The institutions distribution analysis

In the field of DNA storage, there are a total of
163 institutions filed relevant patents and a total of
1205 institutions published relevant papers. The top 15
institutions of DNA storage related papers and patents
are shown in Table 2. In the top 15 institutions of DNA
storage related papers, Microsoft Corporation is the on-
ly one company. Universities are the major participants
in the publication of DNA storage related papers. Uni-
versity of California System, French National Centre for
Scientific Research, and University of Illinois System
ranked first to third respectively in the key institutions
of papers. In the top 15 institutions of DNA storage re-
lated patents, there are 10 companies, which indicates

that companies are the main participants in the applica-
tions of DNA storage related patents. Twist Bioscience
Corporation is a rapidly growing synthetic biology com-
pany that has developed a disruptive DNA synthesis
platform to industrialize the engineering of biology.
Catalog Technologies is building the world’ s first
DNA-based platform for massive digital data storage
and computation. Roswell Biotechnologies is a molecu-
lar electronics company transforming DNA sequencing
with their latest platform, designs to deliver the disrup-
tive performance required for future biomedical and in-
dustrial applications. In the field of DNA storage, its
participating companies mainly include DNA synthesis
companies, DNA sequencing companies, and computer
software development companies and so on.

Table 2 Key institutions in the field of DNA storage

Rank Institutions of papers Count  Location Institutions of patents Count  Location
1 University of California System 51 USA Twist Bioscience Corporation 31 USA
2 The FreITch .N'ational Centre 35 France European Molecular Biology 31 Furope

for Scientific Research Laboratory
3 University of Illinois System 31 USA Catalog Technologies 27 USA
4 Nanyang Technological University 21 Singapore Roswell Biotechnologies 17 USA
5] Chinese Academy of Sciences 20 China Harvard University 15 USA
6 Stanford University 20 USA Konica Minolta 12 Japan
7 University of Washington 20 USA Technicolor 10 France
8 Harvard University 19 USA Chinese Academy of Sciences 9 China
9 University System of Georgia 18 USA Unilever 9 England
10 Microsoft Corporation 17 USA Microsoft Corporation 9 USA
11 Israel Institute of Technology 17 Israel Dodo Omnidata 9 USA
12 University of North Carolina 15 USA Massachusetts Institute of Technology 9 USA
13 Swiss Federal Insli.tute of 14 Switzerland Molecular Assemblies 8 USA
Technology Zurich
14 National University of Singapore 14 Singapore Tianjin University 8 China
15 United States Department of Energy 14 USA [llumina 8 USA
2.4.1 The time-zone of keywords analysis ly stored less than tens of Bytes with little scalability for

By plotting the time zone of keywords, the dynam-
ic development process of the gene editing research can
be obtained from Fig.5, which describes in Citespace
with the paper data. DNA storage research originated
in the early 1990s. In the 1990s, DNA storage re-
search was scarce, which keywords are °databese’,
‘sequence’ , ‘gene’ and so on. From 2000 to 2011,
more and more researches began in the field of DNA
storage. In this stage, researchers began to try various
methods to store information in DNA | which keywords
are ‘ computation’ , ‘storage’ , ‘nanostructure’, ‘al-
gorithm’ and so on. However, these early attempts on-

practical usages. It was not until the early 2010s that
the groundbreaking works of Refs [ 8,10] led to the re-
After

2011, complex compilation methods are increasing to

turn of DNA storage to mainstream interest.

solve major challenges in DNA storage research and ap-
plications, for example, the ‘random access’. The
first robust system based on error correcting codes using
inner codes and outer codes for DNA data storage was
developed in 2015 and it demonstrates silica en-
capsulation for greater durability. Therefore, °synthet-
ic biology’, ‘code’ and ‘robust’ as the keywords
emerged in this stage.
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2.4.2 Keyword clustering analysis

Through keyword clustering network analysis of
the DNA storage related papers, 11 keyword clusters
shown in Fig. 6 are calculated using log-likelihood ratio
( LLR)
CiteSpace: ‘big data’, ‘DNA data’, °storage’,

‘ o 9 ‘ L B b ‘ o
mechanism’ | repetitive element , error correction

cluster labeling extraction algorithms by

codes’ , ‘DNA nanotechnology’, °systems biology’ ,
‘polymer’ , electrical transport’ , *alphabet’ and
‘telomere’ . The value of silhouette for each cluster is
greater than 0. 78, indicating robust and meaningful re-
sults. The lowest silhouette value of 0. 789 is the Clus-
ter #4 (error correction codes) with 29 members and
the other silhouette values are higher than 0. 800. DNA
synthesis and sequencing are error prone. Error correc-
tion codes boil down to adding redundant information,
which increases the probability that the original infor-
mation can be retrieved even in the presence of errors
or missing data'"”!. Multiple research projects have de-
veloped coding for DNA data storage to cope with read
and write errors and with degradation of DNA over
time!""""7*%) " The largest cluster is Cluster #0 ( big
data) which has 51 members and a silhouette score of
0.809. DNA storage offers density of up to 10" bits/cm’,
several orders of magnitude denser than the densest
media available today. For example, the DNA storage
device in our palms size can accommodate the informa-
tion of the entire world"''. Tt is great potential for DNA

storage in solving massive data storage in the future.
Cluster #7 ( polymer) relates to the PCR process,
which involves in the replication and amplification of
DNA. Cluster #9 (alphabet) relates to the DNA bases
and genetic alphabet.

#8 electrical transport
#6 systems biology

#1 dna data storage
#0 big data

#9 alphabet

#7 polymer - - #2 mechanism

#3 repetitive element

#5 dna nanotechnology
#4 error correction codes
#10 telomere

Fig.6 Keyword clustering network analysis for DNA storage

Fig.7 is the keyword clustering of DNA storage re-
lated patents, which is drawn by the PatentScape func-
tion of Innography, 20 hot topics are shown in Fig. 7.
These 20 topics are related to base, sequence, and
storage. These are the most closely related topics in
DNA storage technology. ‘Data storage’ , information
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storage’ and ‘ DNA storage’ ranked third to fifth, with
209 patents, 113 patents and 102 patents respectively.
Compared to the result of the keyword clustering of
DNA storage related papers, these topics in Fig.7 are

more biased towards practical applications and lack

’

7 .
mechanism ’ ,

basic research topics, such as

‘codes’ , ‘model’, ‘design’ and so on.
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Fig.7 Details of cluster DNA storage related patents

3 Conclusions

DNA storage is an emerging technology with con-
siderable potential to be the next generation storage
medium of choice. Compared with current storage
media, DNA storage has the advantages of super stor-
age capacity, stability and safety. In the future, infor-
mation that is not commonly used but needs to be pre-
served, such as government documents, historical ar-
chives, etc. , are especially suitable for DNA storage.
USA is the global leading DNA storage research coun-
try. USA attaches great importance to DNA storage re-
search and has formulated many related research pro-
jects since 2017. With the strong support of the gov-
ernment, both universities and companies in USA have
played an important role in promoting DNA storage re-
search. In particular, the international giant Microsoft
Corporation has made many contributions to the indus-
trialization of DNA storage. In 2019, Microsoft Corpo-
ration developed an automated end-to-end DNA data
storage device to explore the challenges of automation
within the constraints of this unique application'”’
Microsoft Corporation realized the world’ s first fully
automatic DNA data writing and reading device, which
is a key step for DNA storage technology from the labo-
ratory to commercial applications. China is the second
only to USA in the number of DNA storage related pa-
pers or patents. However, in terms of patents layout,
Chinese institutions don’ t have sufficient intention of
opening up the global market in the application of DNA
storage. At present, DNA technology is still in the de-

veloping stage. Although there have been several

breakthrough advances in DNA storage, there are still
many challenges to be solved. For example, cost, read
speed, random access and automation have become key
issues limiting the industrialization of DNA storage. In
view of the current situation that China needs to
strengthen DNA storage research, and this work recom-
mends that China should make a strategic plan for DNA
storage technology. First, financial support and rele-
vant supporting policies of development plans for DNA
storage should be strengthened. Second, it is very im-
portant to pay attention to the application of DNA stor-
age technology in national security. Military-civilian
integration project research of DNA storage should be
strengthened to support the potential applications of
DNA storage in national security and defense. Third,
DNA storage technology integrates multiple disciplines,
and it requires the cross cooperation of multidiscipli-
nary researchers. Therefore, universities and other re-
search institutions should be encouraged to build an in-
terdisciplinary research team for biology and computer
information science to promote the exchange of multi-
disciplinary researchers and strengthen interdisciplinary
basic research.
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