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At present, the polymerase chain reaction (PCR) amplification-based file retrieval method is the most
commonly used and effective means of DNA file retrieval. The number of orthogonal primers limits
the number of files that can be accurately accessed, which in turn affects the density in a single oligo pool
of digital DNA storage. In this paper, a multi-mode DNA sequence design method based on PCR file retrie-
val in a single oligonucleotide pool is proposed for high-capacity DNA data storage. Firstly, by analyzing
the maximum number of orthogonal primers at each predicted primer length, it was found that the rela-
tionship between primer length and the maximum available primer number does not increase linearly,
and the maximum number of orthogonal primers is on the order of 104. Next, this paper analyzes the
maximum address space capacity of DNA sequences with different types of primer binding sites for file
mapping. In the case where the capacity of the primer library is (where is even), the number of
address spaces that can be mapped by the single-primer DNA sequence design scheme proposed in this
paper is four times that of the previous one, and the two-level primer DNA sequence design scheme can
reach times. Finally, a multi-mode DNA sequence generation method is designed based on
the number of files to be stored in the oligonucleotide pool, in order to meet the requirements of the ran-
dom retrieval of target files in an oligonucleotide pool with large-scale file numbers. The performance of
the primers generated by the orthogonal primer library generator proposed in this paper is verified, and
the average Gibbs free energy of the most stable heterodimer formed between the orthogonal primers
produced is −1 kcal∙(mol∙L−1)−1 (1 kcal =4.184 kJ). At the same time, by selectively PCR-amplifying the
DNA sequences of the two-level primer binding sites for random access, the target sequence can be accu-
rately read with a minimum of 103 reads, when the primer binding site sequences at different positions
are mutually different. This paper provides a pipeline for orthogonal primer library generation and multi-
mode mapping schemes between files and primers, which can help achieve precise random access to files
in large-scale DNA oligo pools.

© 2024 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In 1964, Wiener proposed the concept of DNA storage [1], and,
since the beginning of the 21st century, scientists have made var-
ious attempts to store data in DNA [2–6], verifying the feasibility of
DNA data storage. Compared with traditional silicon-based storage
media, DNA data storage has the advantages of low maintenance
cost, high storage density, and a long storage time, and it is
expected to become a new generation of storage media for storing
massive archival data. When accessing and decoding reconstructed
file data stored in a DNA pool, it is usually necessary to amplify and
decode all the data in the DNA pool. For massive data storage in
DNA, the above reading method results in a significant waste of
computational and sequencing resources.

In recent years, researchers have proposed random-access
methods that selectively extract specific data from the DNA pool
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for retrieval, sequencing, and decoding based on actual application
needs [7–11], thereby effectively reducing the cost and improving
the convenience of data reading. Among such methods, the file-
retrieval method based on polymerase chain reaction (PCR) ampli-
fication has a lower cost and simpler operation, using the primers
of about 20 nucleotides to perform PCR amplification in order to
extract specific files.

In 2015, Tabatabaei Yazdi et al. [12] proposed a file retrieval
method based on PCR amplification. The team designed specific
address strings in DNA sequences to support file retrieval. In
2018, Organick et al. [13] proposed an end-to-end DNA file storage
solution that considered biological constraints in primer design
and mapping different primers to different files. In 2019, Tomek
et al. [14] used the controllable hybridization characteristics of pri-
mers and primer-binding sites under specific conditions to achieve
the previewing of files by controlling the primer concentration and
reaction temperature. Song et al. [15] studied the multi-
dimensional data organization and random access in large-scale
DNA storage systems, effectively increasing the limit of DNA stor-
age capacity.

In addition to PCR amplification-based file retrieval methods,
other file retrieval methods have emerged. In 2019, Newman
et al. [16] used microfluidics to achieve the file retrieval of DNA
molecules. By using an electric field to precisely control the move-
ment of micro-droplets to the slot where the target DNA molecule
was located, the DNAmolecules of the target file were extracted. In
2021, the University of Washington and Microsoft used biotin-
labeled probe nucleotide sequences and magnetic bead affinity
purification technology to achieve a similarity search of files stored
in DNA [17]. In 2021, a team from Massachusetts Institute of Tech-
nology and Harvard University used silica microspheres to solidify
plasmids that store actual file information and fixed multiple
oligonucleotide probes as metadata on the microsphere surface.
The target file was accessed through a fluorescence-activated cell
sorter [18]. In recent years, research has also been conducted on
various aspects of DNA storage [19–26]. Compared with the PCR
amplification retrieval method, these retrieval methods have high
costs and complexity, so they are not conducive to large-scale pro-
motion and application.

In order to accurately extract the required files from a single
oligo pool containing massive data, primers must exhibit unique-
ness as a screening condition with the PCR-based file retrieval
method, where each primer corresponds to a specific file. Due to
the strict biochemical reaction constraints involved in the design
of primers, the number of available primers does not increase lin-
early as the primer length grows; rather, it has a corresponding
capacity limit. For DNA storage with a file retrieval function, this
capacity limit will seriously affect the storage capacity. Therefore,
it is necessary to comprehensively analyze the primer length and
the number of orthogonal primers under the primer design criteria,
predict the upper limit of the orthogonal primer library capacity
corresponding to different primer lengths, and reasonably design
a template sequence corresponding to the stored file according to
the capacity limit, thus effectively improving the file retrieval effi-
ciency of DNA storage.

Based on the above analysis, this paper considers the con-
straints of primer design in DNA storage, uses the quasi-Monte
Carlo simulation algorithm to simulate the number of available pri-
mers generated under different random primer generation fre-
quencies, and predicts the maximum capacity of available
primers (Fig. 1(a)). Furthermore, this paper theoretically analyzes
the maximum address space of DNA sequence structures with
multi-level primer binding sites and compares the relationship
between the address space and the primer library capacity of
three different DNA sequence structures (Fig. 1(b)). On this basis,
this paper proposes a multi-mode DNA sequence design method
152
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for PCR file retrieval based on a single oligonucleotide pool
(Fig. 1(c)).

We first design an orthogonal primer library based on the pri-
mer design criteria and then design DNA sequences with single
or multiple primer binding sites, which facilitate the selection of
corresponding DNA sequence design methods according to actual
needs. Finally, we conduct simulation experiments on the mis-
match of generated primers under different orthogonal constraint
conditions. The experimental results show that, compared with
the case when only the constraint of the primer itself is considered,
the probability of primer mismatch will be significantly reduced
for the case when both the constraint of the primer itself and the
orthogonality constraint between primers are considered. In addi-
tion, the feasibility of the multi-primer binding site DNA sequence
design method proposed in this paper is demonstrated through
actual PCR.

By analyzing the relationship between primer length and the
maximum capacity of the orthogonal primer library, we observe
the problem that the storage capacity in a single oligo pool can
easily reach a bottleneck due to the low orthogonal primer library
capacity in primer-based selective PCR amplifications. Therefore,
this paper proposes a multi-mode sequence design scheme to meet
the storage needs in different application scenarios. With the
method proposed in the paper, the upper limit of the file storage
capacity in a single oligo pool is greatly increased.

2. Materials and methods

2.1. Primer design criteria in DNA storage

The design criteria for a primer in PCR include constraints on
the primer length, melting temperature (Tm), annealing tempera-
ture, guanine–cytosine (GC) content, GC distribution, secondary
structure, base repetition, run length, and 3′ end stability. The
length of the primer should be between 15 and 30 nucleotides
(nt); this is because a primer with a too-short length will lead to
a reduction in the specificity of the PCR reaction, while a
primer with a too-long length will lead to a significantly higher
probability of homodimers and heterodimers, as well as high Tm
values, which in turn affect the proper functionality of the DNA
polymerase.

The Tm of the primer should be between 52 and 58 °C. A low or
high Tm will have a negative impact on the PCR reaction. In partic-
ular, a low Tm will reduce the specificity of the primer binding to
the template sequence, resulting in a spurious band, while a high
Tm may not allow the DNA polymerase to work properly. Further-
more, it may result in difficulty in binding between the primer and
the template or a no-amplification failure. As a result, the effect of
the Tm needs to be considered in primer design.

In addition to the criteria listed above, the following constraints
should also be considered:

(1) The GC content should between 40% and 60%.
(2) No more than three purines or three pyrimidines should

r in the last five bases at the 3′ end of the primer.
(3) No secondary structures should be found, including hairpin

ures, homodimers, or heterodimers.
(4) According to the base repetition constraint, which refers to

peated appearance of a di-nucleotide group (e.g., ATATATAT),
aximum allowable number of repeated di-nucleotide groups
primer sequence is four.

(5) The appearance of more than four consecutive identical
in the primer should be avoided, and the Gibbs free energy
3′ end should be as high as possible.

These primer design principles are essential in order to improve
the specificity of the PCR amplification reaction. It is noticeable
that many of these constraints restrict the 3′ end of the primer.

move_f0005
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Fig. 1. Design overview. (a) Flowchart of the estimation of the maximum number of available primers in an orthogonal primer library using the quasi-Monte Carlo simulation
algorithm. (b) Schematic diagram of the maximum address space capacity analysis of DNA sequence structures with different types of primer binding sites that can be used
for file mapping. (c) Pipeline of the multi-mode DNA sequence design method for PCR-based file retrieval in a single oligonucleotide pool proposed in this study. First, an
orthogonal primer library is designed based on primer design criteria. Then, file DNA sequence design is performed using single and multiple primer binding sites, making it
easy to select the appropriate file DNA sequence design method according to the actual needs. Finally, a simulation experiment is conducted to examine primer mismatch
generation under different orthogonal constraint conditions, and the feasibility of the DNA sequence with a multi-level primer binding site proposed in this study is
demonstrated through actual PCR amplifications. nt: nucleotides; FP1 and FP2: forward primers 1 and 2; RP1 and RP2: reversed primers 1 and 2; URP: universal reversed
primer; seq: sequence.
This is because the 3′ end is the starting point for DNA polymerase
to perform DNA molecular extension, making the specificity of this
part important.

When conducting file retrieval in DNA storage based on PCR
amplification, it is not only necessary to consider traditional bio-
logical primer design criteria; orthogonality constraints between
primers must also be considered. As the number of template
sequences for PCR reactions in DNA storage is generally at least
10 000 or more, and with the decrease in DNA synthesis cost,
larger-scale sequence synthesis becomes possible, and the number
of files stored in the same oligonucleotide pool will significantly
increase. Therefore, in the design mode of one-to-one mapping
between file and primer, if there is no orthogonality constraint
between primers, the PCR reaction will lead to non-target
sequence amplification by matching primers with incorrect bind-
ing sites, which will affect the subsequent decoding work.

2.2. Improved orthogonal primer design method

To generate an orthogonal primer library more efficiently, we
designed an orthogonal primer library generation system, as
shown in Fig. 2, including four modules: a random primer genera-
tor, self-checker, inter-checker, and targeted mutation module. The
153
random primer generator is used to generate random oligonu-
cleotide sequences, and the generated sequence is input into the
self-checker to check the primer’s self-constraint conditions. In
the orthogonal primer library design system, if an oligonucleotide
sequence does not meet a certain constraint condition, the
sequence is input into the targeted mutation module. The targeted
mutation module performs directed mutations on the bases in the
local sequence that violate the constraint condition to make it
meet the constraint condition after mutation. The primer sequence
is then re-entered into the self-checker after targeted mutation; if
the sequence passes the self-checker, it enters the inter-checker to
check the constraint between the primers.

Through the orthogonal primer library design system, orthogonal
primers that meet all DNA storage primer constraint conditions can
be automatically generated as needed, making it easy to generate
appropriate primers based on actual storage needs. However, given
the DNA storage primer constraint conditions and the analysis of the
relationship between primer length and the number of orthogonal
primers, it can be seen that the complexity of checking the con-
straint conditions between primers grows as the number of orthog-
onal primers increases, severely reducing the efficiency of primer
library generation. On the other hand, the constraint strength
of the Hamming distance constraint and non-homologous dimer

move_f0010
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Fig. 2. System architecture of the orthogonal primer library design system.
constraint between primers will increase with the increase of the
capacity of the orthogonal primer library, severely limiting the abil-
ity for file retrieval in DNA storage. Existing DNA sequence design
methods cannot be used to perform file retrieval in large-scale
DNA pools.

2.3. Multi-mode file DNA sequence design

Through the above analysis, it can be seen that traditional file-
primer mapping methods can be used to extract the target file
through a single round of PCR amplification when the number of
files stored in the DNA pool is small. However, once the number
of files stored in a single DNA pool becomes too large, the capacity
of the orthogonal primer library needs to be increased, and the
design difficulty will significantly increase. In addition, the number
of primers required for file retrieval will be too large, leading to
increased retrieval costs. At this point, the use of a DNA template
sequence with multi-primer binding sites can break through the
bottleneck of the capacity limit of the orthogonal primer library
and exponentially expand the available address space by increas-
ing the level of forward and reversed primer binding sites. There-
fore, this paper proposes a multi-mode DNA sequence design
method, as shown in the flow chart in Fig. 3.

To store a given set of files, the selected primer sequence length
and whether to prioritize ‘‘one primer, one file” mapping to design
the DNA sequence are first input. If so, the algorithm enters the
binding site level least (BSLL) primer design strategy; otherwise,
it enters the primer library least (PLL) design strategy. For the BSLL
design strategy, the primer library generator will design as many
orthogonal primers as possible to meet the storage requirements.
154
If the capacity of the designed orthogonal primer library is suffi-
cient, the final template sequence is output according to the one-
primer–one-file mapping relationship. Otherwise, the number of
primer binding site pairs in the template sequence needs to be cal-
culated according to Eq. (1) to meet the storage requirements of
the given file set.

nmin
lg Nf

2 lg
size PN

2

1

where N is the bases in oligonucleotide sequence, Nf is the number
of files to be stored, n represents the number of levels of the primer
binding site in the template sequence, PN is the orthogonal primer
library, nmin is the minimum primer binding site level required,
and is the ceiling function.

For the PLL design strategy, the primer binding site level n
needs to be input first. The minimum number of orthogonal pri-
mers that the primer library generator needs to design, size(PN),
can be calculated using Eq. (2):

size PN 2 Nf
2n 2

When the value of is odd,
Then, the orthogonal primer library generator is used to cyclically
generate available primers. When the number of feasible primers
in the generated orthogonal primer library reaches size(PN), the
generation step is ended, and all template sequences of the file
set to be stored are generated according to the primer binding site
level n.

2.4. Selective PCR

In the PCR amplification, 20 template sequences were added to
the reaction system at equal concentrations as the initial substrate
for subsequent PCR amplification. Six groups of experiments were
conducted, with an annealing temperature of 53 °C, a primer con-
centration of 2 lL per 50 lL of substrate, and 35 cycles of PCR. The
sequencing results were obtained through second-generation Illu-
mina sequencing technology for analysis. The primer combinations
added in each round of the six PCR reactions are shown in Table 1.
In experiments 1–3, the two forward primers and two reversed pri-
mers added in the two rounds of PCR amplification were different.
In experiments 4–6, the two forward primers or two reversed pri-
mers added in the two rounds of PCR amplification could be the
same.

2 Nf
2n size PN 2 Nf

2n 1.
3. Results and discussion

3.1. Analysis of the relationship between primer length and the
number of orthogonal primers

The one-to-one mapping between primers and files is the basis
for implementing DNA storage file retrieval. The function of the
primers is similar to that of the address bus in silicon-based stor-
age media, which allows random access to a specific storage space
on the storage chip. In file retrieval in PCR-based DNA storage, pri-
mers are used as unique identifiers to differentiate files through
biochemical reactions. For an oligonucleotide sequence with N
bases, the set of all oligonucleotide sequences is denoted as

where sk represents the kth oligonu-
cleotide sequence. Since each position of the oligonucleotide
sequence can have four possible bases, the size of the set is
4N. By traversing all sequences in the set all oligonucleotide
sequences that meet the DNA storage primer conditions are
selected and added to the orthogonal primer library set

where the size of the

CN s1 s2 sk s4N ,

CN

CN ,

PN sp sp sp n N PN #CN ,
1 2 n
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Fig. 3. Flowchart of the multi-mode DNA file sequence design method. BSLL: binding site level least; PLL: primer library least.

Table 1
Primer binding sites and target sequences used in each round of PCR amplification in
six experimental groups.

Group 1st PCR 2nd PCR Target sequence

1 FP3 + RP3 FP2 + RP1 s19
2 FP3 + RP1 FP1 + RP2 s16
3 FP1 + RP1 FP2 + RP3 s2
4 FP1 + RP1 FP1 + RP2 s1
5 FP2 + RP1 FP1 + RP1 s11
6 FP1 + RP1 FP2 + RP1 s4
orthogonal primer library set is The time complexity required
to traverse will reach When the primer length is 30 nt,
the size of is making the sequential traversal and screening
of sequences impractical, as the search space will increase fourfold
with each additional base in the primer sequence.

To investigate the relationship between primer length N and the
size of the orthogonal primer library PN, we use mathematical sta-
tistical methods to fit the function relationship between the gener-
ated randomprimer quantity i and the size of the orthogonal primer
library we then predict the size of the orthogonal primer
library Themainmodules of the analysis system include a
random primers generator, a primers self-checker, and a primers
inter-checker (Fig. 4(a)). The Monte Carlo primer generation mod-
ule in the primer generator uses dimensional Hammersley point
sets to generate random primer sequences, where is the primer
length. The primer generator is used to produce random oligonu-
cleotide sequences as input for the primers self-checker. The

PN n.
CN O 4N .
CN 260,

size Pi N ;
size Pi N .

N-
N
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primers self-checker performs GC content detection for the entire
sequence, GC clustering detection at the 3′ end, and the detection
of consecutive di-nucleotide repeats sequences; it also runs con-
straint detection, homodimer detection, and Tm value detection
(Fig. 4(b)). Primers that meet all the constraint conditions will be
output from the self-checker to the primers inter-checker. The pri-
mers inter-checker is used to detect the Hamming distance con-
straint and the non-homologous dimer constraint between the
current primer and all primers in the orthogonal primer library
(Fig. 4(c)). If the current primer meets all the constraint conditions,
it will be stored as a feasible primer in the orthogonal primer
library. The objective of this analysis system is to find the function
relationship between the randomly generated primer quantity and
the size of the orthogonal primer library

For the primer generator, we utilize the quasi-Monte Carlo sim-
ulation algorithm to solve complex system variables and predict
the without traversing the set Fig. 4(d-i) shows that,
when considering all primer design constraints for the set (blue
elliptical part), a subset (green shape) can be screened. Due to
the complexity of the primer constraint conditions, the subset
will be distributed in in a certain way. To solve
needs to be randomly sampled m times (m = i); in addition, it must
be determined whether the sampled sequence sat-
isfies the primer constraint conditions, and filter out the set of
sequences that satisfy these conditions. It can be known that

By changing the quantity of randomly generated pri-
mers a set of can be obtained. The size of the orthologous pri-
mer library is found by means of a regression analysis as a
function of the random primers quantity generated; an estimate

i
size Pi N .

CN .size PN

CN

PN

PN

CN CNsize PN ,

sk 1 k 4N

Pi N

Pi N # PN #CN .
i, Pi N

size Pi N

i
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Fig. 4. Analysis process and results of the relationship between primer length and the number of orthogonal primers. (a) Workflow for analyzing the relationship between
primer length and the number of orthogonal primers. (b) Constraints for the primer self-checker. (c) Constraints for the primer cross-checker. (d) Analysis of the uniformity of
random sequences generated using the quasi-Monte Carlo simulation algorithm: (i) The blue ellipse represents the set of all oligonucleotide sequences of length while the
green shapes represent the subset of orthogonal primers; (ii) the distribution of random oligonucleotide sequences of length generated using a uniform distribution of
pseudo-random sequences in the se represented by orange dots); (iii) The distribution of random oligonucleotide sequences of length generated using the Hammersley
point set, which is more uniform than those generated using the uniform distribution of pseudo-random sequences. (e) Fitted curve showing the relationship between the
number of random primers generated with a length of 20 nt and the number of primers that meet the primer constraints. (f) Cluster of fitted curves showing the relationship
between the number of primers that meet the primer constraints and the number of random primers generated with different quantities and lengths ranging from 15 to 30 nt.
(g) Predictive curve showing the maximum number of primers that meet the primer constraints for different primer lengths.

N,
N

Nt CN (
of can be obtained by substituting the known quantity
into the function.

The key to using the quasi-Monte Carlo simulation algo-
rithm is that the sampling must satisfy uniform distribution,
and the higher the uniformity, the better the approximation
effect. The quasi-Monte Carlo simulation algorithm uses a
set of low-bias and uniform distribution points to replace
the pseudo-random sequence of uniform distribution for
sampling. Fig. 4(d-ii) provides a schematic diagram of the
sample point distribution obtained by two-dimensional
(2D) random sampling using independent and identically
distributed uniform distribution, and Fig. 4(d-iii) is a sche-
matic diagram of the sample point distribution obtained by
2D random sampling using a Hammersley point set. It can
be seen that the uniformity of the latter is better than that
of the former, so using the Hammersley point set to esti-
mate the value of is more reliable.

The generation method of the dimensional Hammersley point
set is as follows:

For any non-negative integer l it can be expanded into a prime
number as follows:

size PN

size CN

size PN

d-

p
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l a0 a1p a2p2 arpr 3

where is an integer in the interval Define the function
about as follows:

Up l
a0
p

a1
p2

a2
p3

ar
pr 1 4

Assuming to be the dimension of the sampling space, a set of
function sequences can be obtained by giv-
ing any prime number sequence From this, the
d-dimensional Hammersley point set can be obtained:

l
n

Up1 l Up2 l Upd 1
l for l 0 1 2 n 1 5

where
Taking a 20-base oligonucleotide sequence as an example, the

size of the primer library is obtained by varying the num-
ber of randomly generated primers (Fig. 4(e)). Each real data point
represents the average of 10 values. Considering that the

size of is equal to the size of the orthogonal
primer library set can be estimated to be around 12396

ai 0 p 1 .
Up l

d
Up1 Up2 Up3 Upd 1

p1 p2 p3 pd 1.

p1 p2 p3 pd 1.

size PN

i
size Pi N

size Pi N 240,
size P20
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by inputting it into the regression equation. From the above anal-
ysis, it can be seen that the maximum number of files that can be
stored accurately in a single DNA pool with one-to-one correspon-
dence between the files and the primers is quite limited.

Using the same method, a set of is obtained by
sampling and the function relationship between
the number of randomly generated primers and the average size
of the orthogonal primer library is fitted.
The endpoint of each predicted curve in Fig. 4(f) represents the

predicted when the number of randomly generated pri-
mers is equal to

Fig. 4(g) shows the relationship between the length of the pri-
mer and the predicted size of the orthogonal primer library

It can be seen that the size of the orthogonal primer library
satisfies the primer constraints of the DNA storage system and does
not increase monotonically with the length of the primer. The
experimental results show that the is the largest when
the primer length is 25 nt, and the upper limit is only about 104.

For a 20-nt sequence, there are 420 possibilities. However, basic
constraints must be taken into account during primer design. After
adding the orthogonality constraints, the number of primers that
satisfies all the constraints is drastically reduced. This is the reason
why only a small portion of primers can be used for accurate file
retrieval.

When the number of files stored in the same DNA oligo pool far
exceeds the design scheme of one-to-one correspondence
between the files and primers will not meet the requirements of
accurate file retrieval, because a file is represented by a unique pri-
mer in a classical one-to-one mapping relationship. If more files
than the capacity of the orthologous primer library are stored in
the same DNA oligo pool, it will not be possible to find primers
for the excess files that can orthologue with the primers in the rest
of the files. Orthogonality between primers is an important factor
in ensuring the specificity of PCR amplification. If there are two
files with poorly orthologous primer sequences, then a random
access of either file based on PCR amplification will result in a pro-
duct containing non-target sequences. This phenomenon worsens
as the number of stored files increases, eventually leading to the
need for extensive post-processing such as sequence screening or
even failure of the search against the target file due to too many
irrelevant sequences.

PN 15 N 30
CN 15 N 30 ,

i
size Pi N 15 N 30

size PN

i size CN .

N
size PN .

size P25

104,
3.2. Analysis of random access to DNA sequences with multi-primer
binding sites

3.2.1. Design of a DNA structure with multi-primer binding sites and
its random-access method

In order to improve the file retrieval capability, expand the
address space, and reduce the difficulty of designing orthogonal
primer libraries in large-scale DNA file storage systems, we
designed flexible DNA sequence structures with different levels
of primer binding sites. The structure is illustrated in Fig. 5(a),
where Ln-FP BS is the forward primer binding site of the h level,
and Ln-RP BS is the reversed primer binding site of the h level.
The number of levels of the forward and reversed primer binding
sites determines the number of PCRs required for file retrieval.
For example, in the two-level forward and reversed primer binding
site DNA sequence structure in Fig. 5(a-ii), the outermost primer
binding site is the complementary sequence of the primers added
in the first round of PCR, the inner primer binding site is the com-
plementary sequence of the primers added in the second round of
PCR, and the middle part of the DNA sequence is the payload
sequence. Fig. 5(a-iii) shows the process diagram of using two-
level forward and reversed primers to achieve the random retrieval
of target sequences through PCR amplification.

nt
nt
157
S
u 1

m 0
size PN1 m

v 1

j 0
size PN2 j 6

The forward primers library {FP1, FP2} and reversed primers
library {RP1, RP2} are used in Fig. 5(a-iii) to extract the green target
sequence. In the first round of PCR, the primer pair used is FP1 and
RP1, which still includes all four sequences. However, in the second
round of PCR amplification using the primer pair FP2 and RP2, non-
target sequences cannot be amplified due to the lack of a reversed
primer binding site, lack of a forward primer binding site, or lack of
both forward and reversed primer binding sites. Therefore, after
two rounds of selective PCR amplification, the target sequence
can be correctly amplified.

3.2.2. Analysis of the maximum theoretical address capacity of the
multi-primer binding site DNA sequence structure

For a DNA sequence structure with forward primer binding sites
and reversed primer binding sites, given an orthogonal primer library

the primer library can be divided into the forward and reversed pri-
mer libraries and respectively, such that

Themaximumaddress space size that
can be achieved by selecting target fragments through
rounds of selective PCR amplification can be obtained using Eq. (6):

Different levels of primer binding sites use different primers.
Since the times of PCR amplification for file random access depend
on the maximum values of and Eq. (6) shows that, when
and and are constant, reaches its maximum value:
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Considering that it follows that
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Therefore, the maximum theoretical address capacity of a DNA
sequence structure with multiple primer binding sites is
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Fig. 5(b) shows four different mapping relationships between
files and primers, and the relationship between the maximum
address space and the size of the given orthogonal primer library.
The function relationship between the size of the orthogonal pri-
mer library and the maximum address space that
can be used for the random access of files under the strategy of
‘‘one primer, one file” is shown in Fig. 5(b-i). The DNA file storage
strategy using ‘‘one primer pair, one file” mapping is shown in
Fig. 5(b-ii), the ‘‘two primer pairs, one file” mapping is shown in
Fig. 5(b-iii), and the "three primer pairs, one file" mapping is
shown in Fig. 5(b-iv). From Fig. 5(c), it can be seen that, with the
same size of orthogonal primer library, the maximum address
space that can be obtained using the multi-primer–one-file storage
strategy grows exponentially compared with the traditional ‘‘one
primer, one file” storage strategy. Therefore, the design scheme
of using a DNA sequence structure with multiple primer binding
sites can overcome the problem of insufficient address space for
random access using existing methods and can greatly reduce
the difficulty of primer library design and the cost of primer
synthesis.

u
v

PN ,
PN1 PN2,

PN1 PN2 PN PN1 PN2 £. S
max u v
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Fig. 5. Theoretical analysis of multi-pattern file DNA sequence design. (a) Structure of DNA sequences with multi-level primer binding sites and a schematic diagram of
random access: (i) structure of a DNA sequence with n-level forward and reversed primer binding sites; (ii) structure of a DNA sequence with two-level forward and reversed
primer binding sites, which is the actual structure used in our experiments; (iii) principle diagram of achieving random access to the target sequence using two rounds of PCR
amplification under the structure of a DNA sequence with two-level primer binding sites. (b) Four different file–primer mapping structures. (c) The relationship curve
between the theoretical maximum address space and the capacity of the orthogonal primer library under three different DNA sequence structures. BS: binding site.
3.3. Analysis of primer performance generated by the orthogonal
primer designer

In order to verify the effectiveness of the proposed method for
designing orthogonal primer libraries, we conducted a simulation
experiment. First, we randomly generated 50 primer sequences
that satisfied the primer self-constraint conditions without consid-
ering the orthogonality constraints between primers. Then, we
used the improved orthogonal primer library design method to
generate 50 sets of orthogonal primer sequences. The maximum
complementary base pair distribution, maximum continuous com-
plementary base pair distribution, and most stable heterodimer
Gibbs free energy were analyzed for the 50 primer sequences gen-
erated under the two conditions.
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As shown in Fig. 6(a), the range of Gibbs free energy change
was –9000 to 0 cal∙mol−1 (1 cal = 4.184 J) when only the pri-

mer self-constraint conditions were considered, and the average
value fluctuated between –4000 and –2000 cal∙mol−1, with a lower
absolute value of the Gibbs free energy indicating greater stability
of the heterodimer. When the orthogonality constraints between
primers were considered, the range was reduced to –4000 to
1000 cal∙mol−1, and the average value fluctuated between –2000
and 0 cal∙mol−1. The total average values under the two conditions
were calculated to be –3130 and –1000 cal∙mol−1, respectively. In
Fig. 6(b), when the orthogonality constraints between primers
were considered, the average ratio of the Gibbs free energy of the
most stable heterodimer generated by perfectly matched primers
to that generated by mismatched primers was 21.52, while the

(DG)
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Fig. 6. Impact of orthogonality constraints between primers on primer performance. (a) The distribution of Gibbs free energy for different dimer pairs. (b) The ratio of the
Gibbs free energy for the most stable dimers formed by perfectly matched primers (DGperfect_match) and mismatched primers (DGmean_of_heterodimer), with and without
considering the orthogonality constraints between primers. (c) The distribution of the maximum number of complementary base pairs between different primers. (d) The
distribution of the maximum number of continuous complementary base pairs between different primers.
average ratio was 5.96 when the orthogonality constraints
between primers were not considered. This ratio quantifies the
degree of binding stability when primers are correctly matched
versus when they are mismatched.

As shown in Fig. 6(c), when only the primer self-constraint con-
ditions were considered, the distribution range of the maximum
complementary base pairs between primer sequences was 4–12
base pairs, and the average value fluctuated between 6 and 8 base
pairs. When the orthogonality constraints between primers were
considered, the distribution range of the maximum complemen-
tary base pairs was reduced to 1–5 base pairs, and the average
value fluctuated between 3 and 5 base pairs. The total average
maximum complementary base pairs for the two sets of 50 primers
were calculated to be 7.3 and 3.8 base pairs, respectively. In
Fig. 6(d), when only the primer self-constraint conditions were
considered, the distribution range of the maximum continuous
complementary base pairs between primer sequences was 2–7
base pairs, and the average value fluctuated between 3 and 4 base
pairs. When the orthogonality constraints between primers were
considered, the range was reduced to 0–4 base pairs, and the aver-
age value fluctuated between 1 and 3 base pairs. The total average
values under the two conditions were calculated to be 3.8 and 2.3
base pairs, respectively.

The above experiments show that after considering the orthog-
onality constraints between primers, the probability of inefficiency
or even failing due to primer mismatch in PCR amplification has
significantly reduced.
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3.4. Experimental analysis of multi-mode DNA sequence design

To better illustrate the relationship between the total number
of files and the minimum number of orthogonal primers required
for file retrieval, Eqs. (1) and (2) were calculated for four different
DNA sequence structures, as shown in Fig. 5(b). The maximum
capacity of the primer library was set to 20 nt in length. The curve
variations of the four different file-to-primer mapping methods in
Figs. 7(a) and (b) revealed that the single primer–file mapping
method reached the maximum capacity of the orthogonal primer
library when the number of files reached the order of 104. As the
number of files to be stored increased further, the ‘‘one primer pair,
one file,” ‘‘two primer pairs, one file,” and ‘‘three primer pairs, one
file” mapping methods all surpassed the maximum capacity of the
orthogonal primer library. At this point, with n level of primer
binding site of a certain DNA sequence, then, for the same number
of files to be stored, the minimum number of orthogonal primers

required for the latter was only about times that
of the former. Taking 5000 files as an example, as shown in
Fig. 7(c), using the multi-mode DNA sequence design method pro-
posed in this paper, the minimum number of orthogonal primers
required under the BSLL strategy was 5000; under the PLL strategy,
depending on the different levels of the output DNA sequence pri-
mer binding site, the minimum numbers of orthogonal primers
required were 142, 18, and 10, respectively.

To verify the feasibility of DNA sequences with multi-level pri-
mer binding sites for random file retrieval, a series of experiments

N 1 2n n 1
f
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Fig. 7. Multi-mode DNA sequence design experiment. (a) Relationship curve between the minimum number of primers required by the multi-mode DNA sequence design
method proposed in this paper and the number of files under different DNA sequence structures. (b) Curve of the number of files under 104 in the logarithmic coordinate
system in (a). (c) Example of 5000 files to be stored using the multi-mode DNA sequence design method proposed in this paper, with the minimum number of orthogonal
primers required under different design strategies. (d) DNA file sequence structure. (e) Distribution of different sequence read numbers in the six selective PCR amplifications
carried out in this paper, with the DNA file sequence structure shown in (d). (f) Storage density versus maximum address space curves for different DNA file sequence
structures.
were designed and analyzed. Without loss of generality, due to the
high specificity and sensitivity of PCR amplification, the principle
of two rounds of PCR amplification and more rounds of PCR ampli-
fication were the same. Therefore, in order to verify the effective-
ness of the DNA file sequence structure with multi-primer
binding sites proposed in this paper for PCR amplification file
retrieval, 20 DNA file sequences with two levels of forward and
reversed primer binding sites were designed in this experiment.
The orthogonal primer library used in this experiment was

which was divided into an orthogonal
forward primer library and
an orthogonal reversed primer library P20 RP RP1 p4 RP2
p5 RP3 p6 . The structure of the DNA file sequence is shown in
Fig. 7(d), where L1-FP BS and L1-RP BS are the binding sites of
the first-level forward and reversed primers, respectively, which
serve to achieve the first round of selective PCR amplification,
and L2-FP BS and L2-RP BS are the binding sites of the second-
level forward and reversed primers, respectively, which serve to
perform the second round of selective PCR amplification using
the product of the first PCR reaction as a substrate. The selected
two-level forward and reversed primer binding site sequences for
the 20 sequences are shown in Table 2.

After sequencing the products of the two rounds of PCR ampli-
fication in experiments 1–3 and counting the reads of each

P20 p1 p2 p3 p4 p5 p6 ,
P20 FP FP1 p1 FP2 p2 FP3 p3
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sequence, a heatmap of groups 1–3 was obtained, as shown in
Fig. 7(e). The experimental results showed that only one DNA
sequence had a read ratio of > 98% in each group, and the read ratio
of other sequences was significantly lower than that of the target
DNA sequence (target sequence in Table 1). This indicates that, if
the two forward primer binding sites and two reversed primer
binding sites of the target DNA sequence are designed to be differ-
ent, then the DNA sequence design scheme proposed in this paper
can accurately extract the target DNA sequences.

The heatmap of the results from experiments 4–6 with the
same sequencing coverage as experiments 1–3 (Fig. 7(e), group
index 4–6) shows that multiple sequences had significantly
increased read ratios. The reason for this difference is that, in com-
parison with the design of experiments 1–3, the different levels of
forward or reversed primer binding sites in the DNA sequences
designed for the three experiments in group index 4–6 had identi-
cal sequences selected. For example, in experiment 4, both the first
and second rounds of PCR amplification added the primer FP1.

From these experiments, the following rule can be drawn: If
there are two or more files in the same DNA pool, and the different
levels of forward or reversed primer binding site sequences in their
DNA sequences are not completely different, then it will inevitably
lead to the inability to uniquely amplify the target sequence after
multiple rounds of selective PCR amplification. This is also the
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Table 2
Sequences of binding sites for each primer in the synthesized sequences.

Name L1-FP BS L2-FP BS L2-RP BS L1-RP BS

S1 FP1′ FP1′ RP2′ RP1′
S2 FP1′ FP2′ RP3′ RP1′
S3 FP1′ FP1′ RP1′ RP2′
S4 FP1′ FP2′ RP1′ RP1′
S5 FP1′ FP2′ RP2′ RP1′
S6 FP1′ FP1′ RP3′ RP1′
S7 FP1′ FP2′ RP2′ RP2′
S8 FP1′ FP2′ RP2′ RP3′
S9 FP1′ FP3′ RP2′ RP1′
S10 FP1′ FP3′ RP2′ RP2′
S11 FP2′ FP1′ RP1′ RP1′
S12 FP2′ FP1′ RP1′ RP3′
S13 FP2′ FP1′ RP2′ RP3′
S14 FP2′ FP1′ RP3′ RP3′
S15 FP2′ FP2′ RP1′ RP3′
S16 FP3′ FP1′ RP2′ RP1′
S17 FP3′ FP2′ RP2′ RP1′
S18 FP3′ FP2′ RP3′ RP2′
S19 FP3′ FP2′ RP1′ RP3′
S20 FP3′ FP3′ RP3′ RP1′

FPx′ and RPx′ represent the reverse complementary sequence of the primer FPx and
RPx, respectively.
reason why this paper has established that the sequences used for
different level primer binding sites must be different when analyz-
ing the theoreticalmaximumaddress capacity of DNA file sequences
with multi-level primer binding sites in previous sections.

3.5. Discussion

The multi-mode file DNA sequence design scheme proposed in
this paper can provide a solution to the need for accurate retrieval
of large numbers of files with the limited capacity of orthologous
primer libraries. However, since the increase in additional primer
binding sites leads to a decrease in storage density, it is critical
to find a balance between the maximum address space and storage
density. Fig. 7(f) shows the relationship between the maximum
available address space and the storage density for a single tem-
plate sequence length of 190 nt, using four different file DNA
sequence structures. Here, storage density is defined as the ratio
of the payload portion to the total template sequence.

Obviously, when the primer length or the level of primer bind-
ing sites increases, the storage density will decrease. However, as
the level of primer binding sites increases incrementally, the max-
imum address space can grow exponentially. For the data organi-
zation structure of ‘‘one primer, one file,” the storage density is
distributed between 0.68 (primer length of 30 nt) and 0.84 (primer
length of 15 nt). When the ‘‘one primer pair, one file” organization
method is used, the maximum address space can be significantly
increased while keeping the storage density constant. However,
due to the lack of a universal reversed primer binding site, different
files may correspond to different reversed primers, which can lead
to an increase in the complexity of the PCR amplifications.

If the first two organization schemes still do not satisfy the file
storage requirements, additional primer binding sites must be
added, which inevitably leads to a decrease in storage density.
However, as shown in Fig. 7(f), the expansion of the maximum
address space is exponential as the number of primer binding site
levels increases. Although the storage density is only about 0.05
when using a ‘‘three primer pairs, one file” organization method
with a primer length of 30 nt, the same address space capacity
can be achieved by choosing a primer length of 20 nt and increas-
ing the storage density to 0.37. From the perspective of DNA syn-
thesis technology, with the development of synthetic biology
technology, if the future synthesis of a single template sequence
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length reaches several hundred nucleotides or is even longer, then
the storage density using the organization scheme proposed in this
paper will also increase. After all, there is an inherent limit to the
length of primers, and the longer the template sequence, the lower
the proportion of primers in it.

The analysis in this paper reveals that the appropriate primer
length and the level of primer binding sites are the key to balancing
the storage density with the ability to retrieve files accurately. The
quantitative variation relationship between the two is also given in
this paper, facilitating the selection of appropriate sequence design
patterns in different application scenarios.

This paper provides a solution for random access in large-scale
files stored in DNA, as compared with previous studies by scholars.
Both Tabatabaei Yazdi et al. [12] and Organick et al. [13] proposed
the use of PCR amplifications for target file retrieval. However, the
high requirements for primers in PCR amplification create some
difficulties in the accurate retrieval of target files in the context
of large-scale file storage. In recent years, many other scholars have
explored different paths, such as microfluidics, DNA micro-disks,
silica microspheres, and other solutions. Attempts have been made
to find another way to get rid of the capacity limitation of using
primers as file identifiers. However, these attempts are still in
the exploratory stage, and the related technology and equipment
have not been widely popularized, unlike PCR technology. There-
fore, this paper still adopts the most widely used and mature
PCR amplification and proposes a multi-mode DNA sequence
design architecture for its bottleneck problem, which can not only
realize the demand of file retrieval under large-scale file storage
but also keep the cost low.

The mapping relationship model between files and primers pro-
posed in this paper both supports accurate one-file retrieval and
implies another potential feature to support multi-mode file
access. If there are multiple files using the same primer sequence
for a given primer binding site—for example, in the ‘‘one primer
pair, one file” architecture, assuming that the primer combination
(FP1, RP1) is for file A, (FP1, RP2) is for file B, and (FP1, RP3) is for
file C—then, if the same forward primer FP1 is added and a batch of
reversed primers, such as RP1, RP2, and RP3, are added together for
the PCR amplification reaction, the target batch of files with speci-
fic properties can be retrieved all at once. This may become a
future research direction.
4. Conclusions

This article proposed a multi-mode DNA sequence design
method for PCR-based file retrieval in a single oligonucleotide pool.
Firstly, the relationship between primer length and the capacity of
an orthogonal primer library was analyzed. It was concluded that
the primer length and the maximum number of available primers
do not have a linear relationship, and the upper limit of the file
capacity that can be supported by accurate retrieval in a single
oligonucleotide pool under the ‘‘one primer, one file” mapping
relationship was fitted. Secondly, the maximum theoretical
address space supported by DNA sequences with multi-level pri-
mer binding sites was analyzed and compared with the address
space under the ‘‘one primer, one file” mapping method. Then, a
multi-mode DNA sequence design method was proposed to meet
the random-access requirements of a single oligonucleotide pool
containing different numbers of files. Finally, the performance of
the primers generated by the orthogonal primer library design
method based on a primer discriminator was analyzed through
simulation experiments, and the feasibility of the accurate retrieval
of target files under a two-level primer binding site was verified by
selective PCR amplification experiments. When using the proposed
method, a balance can be found between the difficulty of primer
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library design and the number of PCR reaction rounds, and file
retrieval in large-scale DNA pools can be achieved with low primer
library design difficulty and few rounds of PCR.

The design scheme presented in this paper is highly flexible in
order to permit the selection of an appropriate design pattern as
needed in practical scenarios. If the number of primers is small
and no more primer sequences are designed and synthesized, using
the PLL scheme proposed in this paper can provide sufficient
address space for accurate file retrieval. If the number of files to
be stored in the same DNA oligo pool is very large, and if the
researchers prefer to design and synthesize a large number of
orthogonal primers, the maximum address space can also be
greatly extended using the scheme in this paper.

In conclusion, this paper breaks through the traditional method
in which a strong correlation between the number of files and the
number of primers is required in order to achieve accurate file
retrieval. Using the BSLL and PLL sequence design methods pro-
posed in this paper, the decoupling of the relationship between
the two can be realized, providing high flexibility in the design of
file retrieval for DNA storage.

In the future, with a reduction in the cost and increase in the
length of large-scale DNA molecule synthesis, we may be able to
synthesize and store files with huge amounts of information and
quantities. Moreover, through biochemical experiments, the prac-
tical application of multi-level primers will be verified at a deeper
level.
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