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Massively parallel homogeneous
amplification of chip-scale DNA for DNA
information storage (MPHAC-DIS)

Zhi Weng1,4, Jiangxue Li1,4, Yi Wu1, Xuehao Xiu1, Fei Wang 2, Xiaolei Zuo 2,3 ,
Ping Song 1 & Chunhai Fan 2

Chip scale DNA synthesis offers a high-throughput and cost-effective method
for large-scale DNA-based information storage. Nevertheless, unbiased infor-
mation retrieval from low-copy-number sequences remains a barricade that
largely arises from the indispensable DNA amplification. Here, we devise a
simulation-guided quantitative primer-template hybridization strategy to
realize massively parallel homogeneous amplification of chip-scale DNA for
DNA information storage (MPHAC-DIS). Using a fixed-energy primer design,
we demonstrate the unbiasedness of MPHAC for amplifying 100,000-plex
sequences. Simulations reveal that MPHAC achieves a fold-80 value of 1.0
compared to 3.2 with conventional fixed-length primers, lowering costs by up
to four orders of magnitude through reduced over-sequencing. The MPHAC-
DIS system using 35,406 encoded oligonucleotide allows simultaneous access
of multimedia files including text, images, and videos with high decoding
accuracy at very low sequencing depths. Specifically, even a ~ 1 × sequencing
depth, with the combination of machine learning, results in an acceptable
decoding accuracy of ~80%. The programmable and predictable MPHAC-DIS
method thus opens new door for DNA-based large-scale data storage with
potential industrial applications.

DNA-based information storage has emerged as a compelling alter-
native for high-capacity data storage due to its exceptional encoding
capabilities, long-term storage potential, and an impressive storage
density surpassing 17 EB/g1–4. Thismethod involves encoding data into
DNA sequences through DNA synthesis (writing) and retrieving the
data via DNA sequencing (reading). Therein, DNA synthesis includes
chemical column-based and chip-based method. Chemical column-
based DNA synthesis produces high quantities per oligonucleotide (in
picomoles) but offers limited diversity throughput, typically ranging
from 96 to 1536 oligonucleotides, which poses a significant bottleneck
for high-throughput sequence synthesis for practical DNA storage

applications. For instance, storing 1 terabyte of data would require
~1010 oligonucleotides with 150 nucleotides (nt) long.

In contrast, chip-scale DNA synthesis, a burgeoning industry,
achieves the simultaneous synthesis of 25 million molecules/cm2,
amounting to ~8.4 × 106 oligonucleotides5,6. This method also benefits
from a substantial cost reduction, ~1000-fold ($0.0001/base vs. $0.1/
base), making it favorable for DNA information storage7,8. However,
the number of copies of a single sequence synthesized by this method
typically ranges from 105 to 1012 copies, with concentrations in the
femtomolar range, insufficient for commercial second-generation
sequencing platforms (e.g., Illumina) which require nanomolar levels
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of incorporated DNA for information readout9–11. Therefore, achieving
bias-free DNA amplification is a critical concern for high-throughput
DNA information storage12–14.

The polymerase chain reaction (PCR) is a pivotal technology in
molecular biology that can amplify DNA quantities by a billionfold in a
short time. This amplification capability hasmadePCRessential inDNA
information storage for amplification and random access15–17. Tradi-
tionally, primers are designed at a fixed length, typically 20 nt, to
simplify data processing16. However, this one-size-fits-all approach can
lead to variable binding efficiencies, which are exponentially exacer-
bated across PCR cycles, ultimately compromising the uniformity of
the DNA library18,19. The consequences of uneven amplification are
multi-fold: (1) the potential loss of a subset of oligonucleotides, ren-
dering them undecodable; (2) increased sequencing costs due to the
need for higher coverage of underrepresented oligonucleotides; and
(3) distortion of the stored data. Several optimization strategies have
been explored to address these issues. One common approach main-
tains primer length consistency while modulating parameters such as
GC content, homopolymer prevalence, and the melting temperature
(Tm). However, these constraints may exclude numerous oligonu-
cleotide candidates and may not adequately meet the stringent
demands of DNA information storage. An alternative approach
involves physically separatingmultiple single PCR amplifications, such
as emulsion PCR, which employs water-in-oil droplets to segregate
DNA templates in a single reaction vessel, enabling parallel
amplification20–22. However, its intricate workflow and substantial
organic solvent requirement hinder large-scale applications.

The binding free energies of programable probes have been
widely studied to achieve binding specificity and sensitivity23–27. Here,

we introduce binding energy controlled massively parallel homo-
geneous amplification of chip-scale DNA (MPHAC), which ensures
highly specific primer hybridization with homogeneous standard
Gibbs free energy change (ΔG°), enabling high-throughput, bias-free
and selective amplification of target sequences by PCR. To experi-
mentally validate MPHAC, we applied the method to DNA information
storage (MPHAC-DIS) for simultaneous access of multimedia files
including text, images, and videos with high decoding accuracy at very
low sequencing depths.

Results
Overview of MPHAC and MPHAC-DIS
MPHAC technology effectively amplified single-stranded DNA tem-
plates synthesized in high-throughput microarrays, to higher con-
centrations, forming double-stranded DNA templates (Fig. 1a). This
amplification was achieved through the careful design and selection of
primers to regulate the thermodynamic properties of primer-template
hybridization (Fig. 1b). This approach, moving away from fixed primer
lengths, enabled homogenized amplification across different primer
sets, thus achieving homogeneous amplification levels. Consequently,
the method facilitated the high-concentration amplification of syn-
thetic DNA for microarrays.

In DNA information storage, primers were traditionally designed
with afixed length,with 76%adherence to this standard.However, only
19% (4 out of 21) of the designs considered hybridization capability,
including factors like Tm and ΔG° (Supplementary Fig. 1 and Supple-
mentary Table 1). These thermodynamic parameters critically influ-
enced the sensitivity and specificity of primer-template hybridization,
an aspect previously overlooked in the study of DNA information
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storage. Fixed-length 20 nt primers, without GC content control,
exhibited a broad ΔG° range from 0 to -24 kcal mol-1 and hybridization
yields from 0% to 100% (Supplementary Fig. 4a, b). To optimize DNA
information storage, aGC content ranging from45% to 55%was usually
utilized12,16, resulting in a mean amplification efficiency of 92.9% for 20
nt primers (Supplementary Fig. 4c). Adjusting the GC content sig-
nificantly improved amplification efficiency. An extensive screening of
2 million random primers with length ranging from 15 to 30 nt was
conducted. Of these, only 8.3% passed the ΔG° filter (-10.5 kcalmol-1 to
-12.5 kcalmol-1), and a scant 2% conformed to the GC content criteria.
Additionally, homopolymers, which could introduce sequencing
errors and complicate decoding, necessitated control over their
length12,28,29. Although amplification efficiency could be enhanced by
extending primer length and controlling GC content (Supplementary
Fig. 5 andSupplementary Fig. 6), excessively lengthyprimers increased
the likelihood of primer dimer formation and the propensity for sec-
ondary structures (Supplementary Fig. 7 and Supplementary Fig. 8),
interfering with amplification. Hence, controlling the proportion of
primer dimers and secondary structures was necessary. Ultimately,
after multiple rounds of filtering, a stringent screening of 2 million
primer candidates yielded 0.6% that met the criteria. This process
produced a library of 11,335 primers, which, as far as we know, was the
largest known collection, offering a promising solution for random
access in DNA information storage systems (Figs. 1b and Supplemen-
tary Fig. 9).

Moreover, the deliberate design of primers was not only used for
amplification chip-scale DNA templates but also facilitated random
access to files in DNA information storage (Fig. 1c). By integrating
different primers with varied data types and creating an index table,
various primer sets could bemixed asneeded to realize randomaccess
to individual or multiple files. These files were then sequenced, deco-
ded, and capable of being saved or restored. Importantly, through
precise regulation of primer-template hybridization and amplification
capabilities, it was possible to add multiple files proportionally to the
index table and accurately read them out (Fig. 1d).

Comparison between MPHAC and conventional fixed length
primer amplification
Primer design is a critical aspect of PCR amplification, with primer-
template hybridization efficiency serving as a fundamental
determinant30. This efficiency can be deduced from the thermo-
dynamic energy ΔG° of hybridization25,31,32. During PCR amplification,
any bias in hybridization efficiency is exponentially magnified with
each cycle, leading to substantial discrepancies in the number of
molecules amplified by different primers. In contrast, consistent
hybridization efficiency across primers and templates yields a uniform
number of molecules from different templates after identical PCR
cycles (Fig. 2a). To illustrate the impact of primer hybridization effi-
ciency on PCR amplification succinctly, we devised a model and
simulated the PCR efficiencies for varying hybridization efficiencies of
the forward primer (FP) and reverse primer (RP) (Fig. 2b). This model,
which considers primer hybridization and extension stages, excludes
enzyme activity change on the presumption of its rapid action (Sup-
plementary Fig. 13). To quantify the variation in copy numbers arising
from differential amplification efficiencies (E) among primers, we
introduced a ratio change (2cycles=ð1þ EÞcycles).When the templatewith
primers of 100% amplification efficiency is set as the benchmark
(value = 1), the concentration of a template with primers of 50%
amplification efficiency diverges, exemplified by a ratio change of 315
as the cycle number varies (Fig. 2c, d).

To investigate the influence of ΔG° modulation on PCR amplifi-
cation, we conducted an analysis on two distinct sets of primers, each
comprising 100,000 sequences: one set with a fixed-length of 20 nt
(FL), and the other with a fixed-energy (FE). The FL-primers controlled
GC contents ranging from 40%–60%, while the FE-primers maintained

hybridization thermodynamic energies around -11.5 kcalmol-1 (Fig. 2e).
The ΔG° range for the FL-primers was substantially wider than that of
the FE-primers, introducing considerable heterogeneity into the
hybridization and amplification processes. Sequencing coverage uni-
formity was assessed using the fold-80 metric, with values approach-
ing 1 indicating greater homogeneity33. The coverage comparison from
simulated sequencing (Fig. 2f, g) revealed that the FE-primers exhib-
ited better homogeneity (fold-80 = 1), whereas the FL-primers showed
poorer uniformity (fold-80 = 3.2). Accurately sequencing low-coverage
regions requires additional reads, necessitating higher sequencing
depth. Using a standard 30× coverage, this would result in an addi-
tional sequencing cost of 11,643-fold (Fig. 2f, g).

Furthermore, employing the 100,000 primers for different com-
binations, the ratio of corresponding sequences pre- and post-
amplification after 20 cycles was calculated. The ratio for FE-primers
post-amplification matched the anticipated pattern (r2 = 1.00), while
the ratio for FL-primers deviated substantially (r2 = 0.52) (Fig. 2h). A
systematic comparison of homogeneity, sequence-to-sequence
amplification variation (ratio), and sequencing cost for FL-and FE-pri-
mers demonstrated that fixed-energy primers offered superior
sequence fidelity and reduced costs due to homogeneous amplifica-
tion (Fig. 2i).

Parameters optimization of MPHAC
Strong thermodynamic energy can stabilize the double-stranded
structure between the primer and target sequence, ensuring amplifi-
cation efficiency. However, it may also compromise primer specificity.
Hence, we first investigated the performance of primers with various
thermodynamic energies and optimized the design of thermodynamic
parameters through theoretical modeling.

Based on the theoretical model that primarily considers primer
hybridization and extension (Supplementary Section 3), we explored
amplification efficiency and specificity under different primer free
energies. To ensure theuniformity of amplification efficiency, themost
direct way is to make all primers achieve high amplification efficiency
(Fig. 3a). The results indicated a positive correlation between amplifi-
cation efficiencies and the ΔG° of FP and RPwhile ΔG° = −8 kcal mol-1 is
a boundary for at least half of primers binding to templates. More
negative free energy implies a stronger binding capacity between the
primer and the template, however, it may include partially com-
plementary non-specific templates, reducing the primer’s specificity.
To quantitatively characterize this relationship, we further examined
primer specificity at differentΔG° values (Fig. 3b). The results revealed
that more positive free energy of primer hybridization led to higher
specificity, contradicting the requirement for optimal amplification
efficiency. To consider an appropriate trade-off between specificity
and sensitivity, we calculated the odds ratio (OR) values under differ-
ent primer free energies as a reference index. Optimal OR values were
obtained when the primer’s free energy was approximately
−11.5 kcalmol-1 (Fig. 3c). A detailed comparison of OR values between
FL- and FE-designs indicated that FE-primers exhibit higher OR values
with a more concentrated distribution (Fig. 3d, e), further demon-
strating the superiority of the FE-design.

Subsequently, we designed 12 primer sets for experimental stu-
dies: 6 sets of FE-primers and 6 sets of FL-primers, based on plasmid
sequences at 6 different positions (Fig. 3f). For systematic and cost-
effective exploration of the hybridization kinetics and thermodynamic
yields of each primer, we employed the X-Probe architecture, lever-
aging universal oligonucleotides with fluorophores or quenchers to
significantly reduce synthesis costs (Supplementary Fig. 19). Figure 3g
shows the experimental and simulation results for one primer as an
example, demonstrating good concordance between experimental
and simulation results, affirming the reliability of our simulations
(other data is shown in Supplementary Fig. 23 and Supplementary
Fig. 24). According to the formula ΔG° = -RTlnKeq, when A = B, we
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observed that the variation in hybridization yield within the FE-group
was ~20%, with the yield distribution predominantly concentrated in
the upper and lower 50%. Conversely, the disparity in the FL-group
exceeded 80% (Fig. 3h, left). Given the typically low initial concentra-
tion of the template during actual PCR, we simulated the hybridization
yield of primers when A > > B. Results indicated that all FE-primers
achieved high levels ( > 80%), while FL-primers ranged from 4.5% to
98.9% (Fig. 3h, right). Summarily, FE-primers exhibited a higher and
more concentrated range of yields in both cases, whereas certain FL-
primers showed negligible hybridization yields. This disparity directly
influences subsequent PCR amplification efficiency. Higher yields sig-
nify a stronger affinity between the primer and template, enhancing
the probability of successful enzyme binding with the template and
facilitating the crucial extension step in the PCR process.

Finally, building upon the prior primer design, we explored the
impact of thermodynamic control on PCR uniformity. The simulation
results revealed that the amplification efficiency within the FE-group
consistently ranged from 99.8% to 99.9%, whereas the FL-group
exhibited a broader range from 36.6% to 99.7% (Supplementary
Fig. 18). Using plasmid templates of 6000 copies, we observed
remarkable homogeneity in the amplification efficiency of the FE-
group, with all six primer sets displaying Ct values around 23.5. Con-
versely, the FL-group exhibited varying degrees of deviation, with

three primer sets demonstrating increased Ct values ranging from 1.2
to 19 (Fig. 3i).

Homogeneous amplification and lossless index of MPHAC-DIS
To further validate the effectiveness of MPHAC, we implemented it in
DNA information storage (MPHAC-DIS) (Supplementary Fig. 25). Since
all files are fundamentally binary data, during the DNA storage
encodingphase, we converted 1 byte (8 bits) of binary information into
5 nucleotides basedon apredefined transcoding table (Supplementary
Fig. 26). Primer binding regions were then appended to both ends of
the information sequence to enable random access (Supplementary
Fig. 27). InMPHAC-DIS, 35,406DNAoligoswere synthesized to achieve
the concurrent encoding and storage of multimodal data, encom-
passing texts, images, and videos. During the decoding process, the
most plausible sequenceswere selected for information retrieval using
frequency statistics (Supplementary Fig. 31). Supplementary Table 3
and Supplementary Table 4 showed the detailed file information and
access combinations.

Here, we present the decoding results for one specific set of pri-
mer combinations, which accessed eight files simultaneously (Fig. 4a).
The results revealed minimal regional variations in coverage distribu-
tions among the majority of files, and the fold-80 base penalties for
each file remained below 1.7 (Supplementary Fig. 32), which indicated
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good amplification uniformity within the files based on MPHAC. For
inter-file homogeneity, a consistent level of coverage across all files
was observed under the FE-design, while more than an order of mag-
nitude of variation exists under the FL-design. (Fig. 4b). Compared to
the FL-design, the fold-80 base penalty for the FE-design was reduced
from 6.0 to 1.4, indicating that MPHAC effectively maintained ampli-
fication homogeneity across the files (Fig. 4c). By analyzing the ratio of
each file in the sequencing results of multiple experiments, we
observed that, under the FE-design, the experimental ratios closely
aligned with the expected ratios, displaying a linear correlation in
distributions, with the correlation coefficient r2 increasing from0.91 to
0.96 compared to the FL-design (Fig. 4d). This further indicated that
MPHACeffectivelymaintains excellent amplification uniformity across
the files.Comparing the decoding results under the two designs, the
average correct rate for most files under the FE-design was close to

100%, while the FL design showed varying degrees of decrease, with
the lowest being only 8% (Fig. 4e). Repeated experiments with pre-
servation under different buffers showed that MPHAC-DIS also
demonstrated good reproducibility and robustness (Supplementary
Figs. 34–39).

We also conducted a detailed error analysis of MPHAC-DIS (Sup-
plementary Section 8). In the sequencing results, ~80% of the reads
were completely correct, while errors existed in 20% of the reads
(Supplementary Fig. 35). Among the erroneous sequences, some
appeared in multiple experiments (Supplementary Fig. 40). Addition-
ally, within the error sequences, certain sequences shared the same
payloads (Supplementary Figs. 44–46), and most of these payloads
had relatively high GC content ( > 55%, Supplementary Fig. 41). These
sequences often formed secondary structures either within the pay-
loads themselves or with the primer binding regions (Supplementary
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centrations of the target should result in the same Ct value. Source data are pro-
vided as a Source Data file.
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Figs. 47–49 and Supplementary Fig. 51). Further analysis of the rela-
tionship between errors and base positions revealed that the like-
lihood of errors increased toward the 3’ end of the sequencing reads
(Supplementary Figs. 52 and 53). This may be related to the higher
error rates associated with DNA synthesis and sequencing at longer
lengths. Here, it’s noted that sequencing reads are reverse comple-
ments of the synthesized sequences, errors introduced at the 5’ end of
the synthesized DNA appear at the 3’ end of the sequencing reads.
When analyzing the types of errors, we found that single-base sub-
stitutions were the most common, with G >T substitutions being the
most frequent (Fig. 4f).Our results are consistentwith Erlich’sfindings,
and quantifying errors helps in understanding their sources as well as
correcting them12,34.

Study of MPHAC-DIS using ultra-low coverage sequencing
Sequencing depth directly affects data reliability and precision. Higher
sequencing depth improves error correction and data confidence.

However, there is a trade-off between sequencing depth and cost due
to increased resource and time demands. Therefore, evaluating the
operational efficiency of MPHAC-DIS at various sequencing depths is
crucial to determining the optimal depth for the intended decoding
purposes.

We acquired sequencing results of various depths, ranging from
550× to 4×, through gradient dilution prior to sequencing (Fig. 5a).
Comparing to FL-design, the density distribution of correct reads
across libraries always exhibited a narrow range under FE-design,
demonstrating its superior amplification homogeneity (Fig. 5b). The
decoding results indicated that at a sequencing depth of 17×, the
average correct rate under FE-design remained above90%,while it was
only 54.5% under FL-design (Fig. 5c). To further validate our results, we
performed down-sampling on the previously acquired sequencing
data, adjusting sample sizes in accordance with the experimental
conditions. The results demonstrated a robust linear relationship
between the down-sampling data and the experimental sequencing
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data (r2 = 0.97), providing additional confirmation thatMPHAC-DIS can
effectively reach the theoretical limit (Supplementary Fig. 56).

Benefiting from consistent within-file amplification uni-
formity, decoding errors (black dots) were evenly distributed
across the image. This characteristic implies that each missing
piece of information is surrounded by correct data to varying
degrees, contributing to enhanced data recovery. Consequently,
we developed a generative adversarial network for image
restoration on the decoded images (Figs. 5d and Supplementary
Fig. 57). The restoration results showed that even images with
severe defects exhibited significant improvement, visible to the
naked eye, attributable to the homogeneous distribution of
errors (Fig. 5e). To more accurately quantify the impact of the
image restoration technique, we introduced the Structural Simi-
larity Index Measure (SSIM) to assess the image quality. The
results indicated that the image restoration technique effectively
enhances image quality, particularly when the sequencing depth

is below 30× (Fig. 5f). Fitting the decoding performance of
MPHAC-DIS at low sequencing depths based on the available data
revealed that even in the extreme case with a sequencing depth of
only 1×, the combination with the image restoration technique
still achieved SSIM > 0.5 (~80% correct decoding rate, Fig. 5g).

Environmental factors are also critical to the long-term sta-
bility of DNA data storage systems. Temperature fluctuations, for
instance, can accelerate DNA degradation, with higher tempera-
tures exacerbating hydrolytic and oxidative damage to DNA
strands. Humidity also plays a significant role in DNA integrity, as
excessive moisture introduces water molecules that promote
hydrolysis, ultimately leading to data loss. Furthermore, extended
exposure to UV light can trigger thymine dimer formation and
other photochemical reactions, further compromising the stored
DNA. Studies have demonstrated that dry storage, particularly
when using encapsulation techniques, can effectively mitigate
these risks by creating a stable, inert environment that shields
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DNA from external factors. Additionally, for DNA pools where
some damage has occurred, data restoration techniques offer
another solution. The combination of preservation strategies with
restoration methods helps to ensure a more robust DNA storage
system.

Discussion
Our MPHAC method achieves selective, high-throughput and
homogeneous amplification for DNA templates while retaining
the original template concentration ratio information. Differing
from FL-primers, MPHAC can achieve superior homogeneity with
a larger primer pool. Its non-discriminatory and selective ampli-
fication relies on precisely regulated primer amplification based
on ΔG°, with the introduction of OR values considering both
efficiency and specificity. To predict and regulate amplification
efficiency based on sequences, we constructed a two-step model:
a hybridization step and an extension step. This generalized
model enables high-throughput prediction of amplification effi-
ciency based on primer and template sequences.

The MPHAC-DIS achieves random access with high-fidelity read-
ing of files for high-throughput storage purposes. DNA information
storage necessitates alignment with real application scenarios,
wherein the number of preserved files surpasses that of the mere
dozens retained in current traditions. As the number of saved files
escalates, homogeneous amplification becomes paramount. Homo-
geneous amplification significantly curtails read costs, particularly as
the number of files surges by orders of magnitude, as evidenced by a
reduction in sequencing depth. This reduction in sequencing depth,
enabled by homogeneous amplification and coupled with AI-driven
information recovery techniques, facilitates information decoding at
shallower depths. Moreover, the MPHAC-DIS method ensures lossless
preservation of information, with homogeneous amplification main-
taining the original template proportions, thus enhancing fidelity in
information preservation.

While the MPHAC-DIS method is effective for DNA information
storage, it does have certain limitations. Firstly, althoughweoptimized
and generated a library comprising tens of thousands of primer pairs
through our primer design workflow, practical wet-lab experiments
face challenges in handling such a large number simultaneously, which
can lead to non-specific amplification and primer dimer formation.
Beyond algorithmic solutions, primer dimers and longer non-specific
amplicons can be reduced using size selection with magnetic beads
and enzymatic cleavage. Secondly, even tens of thousands of primer
pairs are insufficient for large-scaleDNA storage. Future advancements
will require faster algorithms and methods capable of generating pri-
mers with higher capacity. Additionally, techniques such as isothermal
amplification can be employed to improve access accuracy during
random access, and physical addressing remains a viable option.
Thirdly, the potential occurrence of partially complementary sequen-
ces within the oligonucleotide outside the primer-binding region
could also impact the uniformity of amplification. To address this,
more flexible encoding strategies can be employed to avoid motifs
related to primers and their complementary sequences within the
payload. Finally, biases introduced during the DNA synthesis stage can
affect the reliability of the storage system. To mitigate this, we can
introduce error correction codes and incorporate partial redundancy
to ensure decoding accuracy. Moreover, there is a need to develop
more economical and higher-quality DNA synthesis techniques, such
as enzymatic synthesis.

We believe the programmability and selectivity of MPHAC can
be extended to other areas. First, MPHAC can predict the efficiency
of amplification through precise regulation of the hybridization
process, enabling control over the hybridization efficiency of pro-
grammable primers and, in turn, the amplification efficiency for
different sequences. Second, the selective programmable

amplification of templates can be used in preview systems for con-
structing files in DNA information storage. Moreover, beyond DNA
information storage, MPHAC can be used for genome target
sequence enrichment and disease diagnosis, facilitating specific
amplification of various targets.

Methods
Primer generation
First, 2,000,000 primers of 15–30 nt were randomly generated. Sub-
sequently, the standard free energy of each primer was calculated
using the nearest neighbor model and primers with free energy in the
range of -10.5 kcalmol-1 to -12.5 kcalmol-1 were retained. The GC con-
tent check (45%–55%) and homopolymer check (AAAA, TTTT, CCC,
GGG) of the primers were then performed. For retained primers,
badness (a metric describing the probability of dimer formation
between twoprimers) between all primerswas calculated.Dimer check
wasperformedusingmaxbadness, andonly primerswithmaxbadness
less than 1 were retained. Furthermore, the minimum free energy
(MFE) structure of each primer was analyzed by NUPACK. Primers with
free energy equal to 0 kcalmol-1 passed the secondary structure check
andwere included in the final primer library. Finally, crosstalk between
primers and between primers and their reverse complementary
sequences was verified using BLAST to ensure that the number of
complementary bases (including shift complementarity) was less than
or equal to 16.

Theoretical simulation for PCR with different primers
To simplify the model, the hybridization between primers and tem-
plates andenzyme-assistedprimer extension in a single PCRcyclewere
mainly considered. In contrast, factors such as enzyme activity chan-
ges, interactions between enzyme and double-stranded DNA, and
denaturation efficiency were not considered in most situations. A
series of ordinary differential equationswereconstructedbasedon the
reactions occurring in a single PCR cycle. These ordinary differential
equations were simulated using MATLAB’s stiff “ode23s” solver, with a
relative tolerance of 10−6 and an absolute tolerance of 10−30. The final
reactant concentration (typically the result at 30 s) was used to cal-
culate PCR amplification efficiency. More detailed information is pro-
vided in Supplementary Section 3.

100,000-plex primer simulation
Firstly, 100,000 primers were generated for each of the FL-design and
FE-design, respectively. The ΔG° of each sequence was then calculated
to determine the free energy distributions for both designs. Subse-
quently, the amplification efficiency of each primer was calculated
based on the theoretical model, and the coverage of each primer was
derived using the following equation:

Coveragei =
Depth � n � Ef f iciencyCycleiPn

i = 1Ef f iciency
Cycle
i

ð1Þ

Here, n represents the total number of primers, which in our case is
100,000. Depth refers to the sequencing depth, set to 50×, and Cycle
denotes the number of PCR amplification cycles, set to 20.

Calculation of metrics
In Fig. 2i, we use four different metrics to compare the FE-design with
the FL-design: uniformity, ratio, saving cost and throughput. Uni-
formity corresponds to the fold-80 value of the simulated sequencing
results, ratio corresponds to the Pearson’s correlation coefficient r2

between the file ratios before and after amplification, saving cost
corresponds to the sequencing depth, and throughput corresponds to
the primer capacity. Additionally, we normalized all the metrics using
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the following formulas:

Unif ormitynorm = 10� Unif ormityoriginal � 1
� �

ð2Þ

Rationorm =Ratiooriginal�10 ð3Þ

Costnorm = 10� log10 Costoriginal
� �

ð4Þ

Throughputnorm = 10� log10

Throughputoriginal
Throughputmax

� �
ð5Þ

Here, Xnorm denotes the normalized value of the metric, while Xoriginal

denotes the initial value.
In Fig. 3, we explored the amplification efficiency, specificity, and

OR under different primer free energies. The formulas for the relevant
metrics are as follows:

Ef f iciency =
Concamp

Concori
� 1 ð6Þ

Specif icity=
Ef f iciencytarget

Ef f iciencytarget + Ef f iciencynon�target
ð7Þ

OR=
Ef f iciency=ð1� Ef f iciencyÞ
ð1� Specif icityÞ=Specif icity ð8Þ

Concori represents the initial concentration of the target sequence,
while Concamp denotes the concentration of the target sequence after
amplification. Efficiencytarget signifies the amplification efficiency of
the matching target sequence, and Efficiencynon-target indicates the
amplification efficiency of the non-target. Here, non-target denotes a
non-specific template with multiple base differences compared with
target, whose ΔG with the primer is more positive than that of target
with primer, and the difference between the two isΔΔG, which is fixed.

Oligonucleotides ordering
Oligo pools were synthesized by Twist Biosciences (San Francisco,
USA) and delivered in the form of DNA powder. All DNA oligonucleo-
tides used in this study, except for oligo pools, were purchased from
Sangon Biotech Co. (Shanghai, China). Unmodified DNA oligonucleo-
tides were purified via high affinity purification (HAP), and modified
DNA oligonucleotides were purified via high-performance liquid
chromatography (HPLC).

Time-based fluorescence acquisition
Prior to fluorescence kinetic monitoring, the fluorescent/quenching
strand is pre-incubated with the corresponding strands, allowing their
ends to be labeled with a fluorophore/quencher. The corresponding
oligonucleotides were annealed in a polymerase chain reaction (PCR)
thermal cycler. The temperature was set at 95 °C for 5minutes initially
and then decreased to 25 °C over 2 hours. Time-based fluorescence
data corresponding to the hybridization reactions were then acquired
using a Horiba Fluoromax instrument. The excitation and emission
wavelengths for the FAM fluorophore used on the X-Probe were
optimized to 494 nm and 518 nm, respectively.

Amplification homogeneity characterization via qPCR
The qPCR assays were performed on a CFX96 Touch Real-Time PCR
Detection System using 96-well plates (Bio-Rad). Blue SYBR Green
Master Mix (YEASEN, cat. no. 11184ES03) was used for enzymatic
amplification and fluorescence signal generation. In a typical PCR
protocol, 5μL of Blue 2× Master Mix, 1μL of DNA template (6000

copies/μL), 1μL of forward primers (4μM), 1μL of reverse primers
(4μM), and the appropriate volume of ddH2O were mixed to a final
volume of 10μL. Thermal cycling started with a 3-minute incubation
step at 95 °C, followed by 40 cycles of 10 seconds at 95 °C for DNA
denaturing and 30 seconds at 60 °C for annealing and extension.

Data encoding and decoding
Multi-modal files including text, images, and videos were stored in DNA.
All files were first segmented into small pieces of information and
assigned address information. Subsequently, they were transformed
into DNA sequences based on a coding strategy. Finally, primer
sequences were added to the ends, and then the oligo pool was ordered
from the DNA synthesis company. For decoding, the reads were first
aligned with the primer sequences to determine their acceptability and
the corresponding files. Then, the address and payload information in
the readswere extracted, and the payloadof each readwas stored based
on the address information. The payloads with the highest frequency of
occurrences and greater than a threshold value under each address
were used to decode and recover the stored data. More detailed
information is provided in Supplementary Section 5.

Visualization of Sequencing Coverage Results
To visually represent the sequencing coverage results, we employed
the following approach. During the encoding phase, the information is
split and stored across multiple sequences. After sequencing, the
coverage of each sequence is calculated by aligning the reads, resulting
in an N× 1 vector, where N represents the number of sequences. To
transform this vector into a two-dimensional format, it is rearranged
into an M×K matrix, with M and K chosen to suit the visualization
needs. For image files, this vector is rearranged to match the structure
of the original image, allowing the coverage data to align visually with
the image layout. Finally, a heatmap is generated from this matrix, with
each point in the heatmap representing the coverage of a specific
sequence, thereby providing a clear and intuitive visual representation.

Files random access and NGS sequencing library preparation
First, primers corresponding to the desired files were mixed to a final
concentration of 4μM. DNA sequences were amplified using Phusion
DNA polymerase (Thermo Fisher, cat. no. F-530L). The reaction mix-
ture (50μL) consisted of 2μL oligo pool, 2.5μL forward primer mix,
2.5μL reverse primer mix, 0.5μL polymerase, 1μL dNTP (10mM),
10μL 5×HFbuffer, and 31.5μL ddH2O. The PCR conditions included an
initial denaturation step at 98 °C for 2minutes, followedby 12 cycles of
98 °C for 20 seconds, 63 °C for 30 seconds, and 72 °C for 30 seconds.
Amplicon products were purified from the reaction using a magnetic
bead-based DNA cleanup kit (Vazyme, cat. no. N411-02).

In the next step, sequencing adapters were appended. For this,
15μL of the purified amplicon was mixed with 2.5μL adapter forward
primermix, 2.5μL adapter reverse primermix, 0.5μL polymerase, 1μL
dNTP (10mM), 10μL 5× HF buffer, and 18.5 μL ddH2O, to a total
volume of 50μL. The reaction was thermocycled as follows: an initial
denaturation step at 98 °C for 2minutes, followed by 3 cycles of 98 °C
for 20 seconds, 63 °C for 30 seconds, and 72 °C for 30 seconds. Pro-
ducts were once again purified from the reaction mixture to remove
residual reagents.

Subsequently, the purified amplicons were diluted 100-fold and
served as templates for a standard qPCR assay. A 10μL reaction con-
sisted of 5μL Blue 2× Master Mix, 3μL diluted amplicons, 1μL N5
primer (diluted 5×), and 1μLN7primer (diluted 5×). The thermocycling
protocol included an initial step at 95 °C for 3minutes, followed by 40
cycles of 10 seconds at 95 °C (denaturation) and 30 seconds at 60 °C
(annealing and extension). The qPCR results were analyzed to deter-
mine the Ct values for each sample.

Finally, index sequences were attached to the amplicons using an
indexing kit (YEASEN, cat. no. 12416ES96). The reaction mix (50μL)
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included 15μL of diluted amplicons, 1μL N5 primer, 1μL N7 primer,
0.5μL polymerase, 1μL dNTP (10mM), 10μL 5× HF buffer, and 21.5μL
ddH2O. The thermocycling program consisted of an initial denatura-
tion at 98 °C for 2minutes, followed by Ct + 4 cycles of 98 °C for
20 seconds, 63 °C for 30 seconds, and 72 °C for 30 seconds. After
purification, the indexed amplicons were quantified using a quantifi-
cation kit (Sangon, cat. no. N608301-0500). Based on the quantification
results, all libraries were pooled and prepared for NGS sequencing.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available in the
manuscript or the Supplementary Information. The experimental
sequencing data have been deposited in the European Nucleotide
Archive under accession code PRJEB82436. Source data are provided
with this paper.

Code availability
The codes used in this study have been deposited in GitHub and are
accessible at https://github.com/NABMElab/MPHAC-DIS35. The sequen-
cing data, figure rawdata, and a decoding demo have been deposited in
Figshare at https://figshare.com/projects/MPHAC-DIS_Seq/217696.
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