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ABSTRACT

Information processing functions are essential for or-
ganisms to perceive and react to their complex envi-
ronment, and for humans to analyze and rationalize
them. While our brain is extraordinary at process-
ing complex information, winner-take-all, as a type
of biased competition is one of the simplest mod-
els of lateral inhibition and competition among bi-
ological neurons. It has been implemented as DNA-
based neural networks, for example, to mimic pattern
recognition. However, the utility of DNA-based com-
putation in information processing for real biotech-
nological applications remains to be demonstrated.
In this paper, a biased competition method for nonlin-
ear manipulation and analysis of mixtures of DNA se-
quences was developed. Unlike conventional biolog-
ical experiments, selected species were not directly
subjected to analysis. Instead, parallel computation
among a myriad of different DNA sequences was
carried out to reduce the information entropy. The
method could be used for various oligonucleotide-
encoded libraries, as we have demonstrated its ap-
plication in decoding and data analysis for selection
experiments with DNA-encoded chemical libraries
against protein targets.

INTRODUCTION

As the medium to encode genetic information, DNA has
in recent years found many new applications, e.g. encoding
chemical structures of combinatorial libraries, formation
of self-assembled nanostructures, molecular computation,
and data storage (1–4). Processing DNA-based information
with DNA computation can facilitate bioanalyses in a direct
and programmable manner. DNA computation methods

have been developed for logical computation with synthetic
biology systems (5), gaming (6–9), pattern recognition (10),
sorting molecules with DNA robots (11), cellular analyses
(12–16), modeling complex systems (17) and solving math-
ematical problems (18). However, DNA computation has
rarely been integrated into an established biotechnologi-
cal application workflow (e.g. drug discovery) to handle
large datasets, for which the advantage of DNA-based par-
allel computation could be particularly attractive. Oligonu-
cleotide libraries are essential for many biotechnologies, in-
cluding screening of pathogen mutations, aptamer technol-
ogy, protein/peptide display and DNA-encoded chemical
library (DEL). Data analyses have also become increasingly
complex with the growing power of next-generation se-
quencing (NGS). Suppose a DNA sample with complex in-
formation can be subjected to DNA-based parallel compu-
tation using a biologically relevant algorithm. In that case,
the pre-processed data might lead to a more insightful, even
direct reporting system. DELs are collections of organic
compounds, individually coupled to distinctive DNA se-
quences as barcodes. DELs have become increasingly used
in academia and industry for discovering small molecular
compounds (SMC) to protein targets (19–21). In the past
decade, the sizes of DELs have been growing dramatically,
at a pace even faster than that of NGS. In 2008, when a
DEL was analyzed by NGS for the first time, the library had
4000 compounds (1). Now DELs can have trillions of dif-
ferent compounds (22). Unlike the systematic evolution of
ligands by exponential enrichment (SELEX) or phage dis-
play, amplification of DNA does not lead to the generation
of DNA-encoded compounds. Resynthesis after selection is
not possible for most of the DELs in practical use. Only a
few reported DNA-directed library syntheses (23–26) that
involve very sophisticated chemistry allow resynthesis after
each round. In general, performing iterative selections is ex-
pensive as it requires a high amount of initial input. Each
selection round drastically reduces the library available for
the subsequent round. Synthesizing a high-quality library
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is always the most expensive, time-consuming, and labor-
intensive part of DEL technology.

Systems with linearity are essential for many technolo-
gies, as they simplify the ways how we collect, analyse, pro-
cess, and respond to different signals. However, there are
many more complex processes, which cannot be reduced to
a linear model. Winner-take-all (WTA) as a type of biased
competition method, is among the simplest and most pow-
erful competitive models for many biological and compu-
tational systems, including neural networks. (27,28). DNA
computation with a WTA algorithm has found many inter-
esting applications, including pattern recognition (10) and
cancer diagnosis (29). While the methods have been de-
signed to select a winner among a few sequences, it re-
mains unknown whether there is a size limit (the number
of different DNA species) to perform a WTA competition.
If the most abundant species (winners) after selection can
be further enriched and the minor members (noise) can
be depleted, the downstream selection data analysis will
be remarkably simpler. This work aimed to develop a bi-
ased competition function for Nonlinear manipulation and
Analysis of DNA-Encoded Library (NADEL). A selection
output is biased towards the abundant sequences (winners)
through parallel molecular computation. Moreover, math-
ematical simulations demonstrated that a DNA library is
converging to the winner sequence after iterative NADEL
operations (Winner-take-all).

MATERIALS AND METHODS

Reagents

All oligonucleotides were purchased from IBA life sci-
ences (Göttingen, Germany) and Metabion (Steinkirchen,
Germany) in high-performance liquid chromatography
(HPLC)-purified grade, molecular biology grade, Next-
generation sequencing (NGS) grade or on the controlled
pore glass (CPG) solid support based on different applica-
tions. Surveyor mutation detection kit was purchased from
IDT DNA Technologies (Coralville, Iowa, USA). Build-
ing blocks of the libraries were purchased from Sigma-
Aldrich (St. Louis, MO, USA), Enamine (Kiev, Ukraine),
Alinda Chemical (Moscow, Russia), ChemBridge Corpo-
ration (San Diego, CA, USA) and Maybridge Chemical
Company (Altrincham, UK). Other reagents were unless
otherwise noted in the text, were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). T4 DNA ligase and
T4 PNK were obtained from New England Biolabs (Mas-
sachusetts, USA).

Polymerase chain reaction (PCR) in NADEL

The PCR mixture (50 �l) for all samples contained
10× High GC buffer, primers (500 nM), dNTP mix (0.2
mM), and Phusion high-fidelity polymerase (1 U) and 30
ng of respective template DNA. Samples A-G and 5562-
member library were amplified using (Primer A and Primer
B), and (Primer C and D), respectively, with the following
cycling conditions in PCR thermocycler (VWR, USA): 45 s
at 98◦C, 30 cycles of 30 s at 98◦C, 1 min at 55◦C, and 30 s at
72◦C, closing the cycle, final extension for 10 min at 72◦C,
and storing at 4◦C.

DNA-encoded chemical library selection output samples
were amplified using primers Primer E and Primer F with
the cycling conditions: 45 s at 98◦C, 30 cycles of 30 s at 98◦C,
1 min at 64◦C, and 30 s at 72◦C, closing the cycle, final ex-
tension for 10 min at 72◦C, and storing at 4◦C.

Overlap extension PCR on a 766 480-member library was
performed with primers P and Q (Supplementary Table S6).
The cycling condition is 45 s at 98◦C, three cycles of 30 s at
98◦C, 30 s at 55◦C, and 30 s at 72◦C and 17 cycles of 30 s
at 98◦C, 30 s at 64◦C and 30 s at 72◦C, followed by final
extension for 10 min at 72◦C.

PCR for Sanger sequencing

Before subjecting to Sanger sequencing, samples A-G and
5562-member library were further amplified with primer
pairs (Primer G and Primer H), and (Primer I and Primer
J), respectively, which can extend the length of the ampli-
con and therefore, ensure the read quality of code region
of Sanger sequencing. The PCR protocol was as follows.
The PCR mixture (50 �l) contained 10× High GC buffer,
primers (500 nM), dNTP mix (0.2 mM), and Phusion high-
fidelity polymerase (1U) and 1 �l of respective template
DNA. The cycling conditions are 30 s at 98◦C, then 2 cy-
cles of: 30 s at 98◦C, 1 min at 55◦C, and 30 s at 72◦C, closing
the cycle, 18 cycles of: 30 s at 98◦C, 1 min at 65◦C, and 30
s at 72◦C, followed by 10 min at 72◦C, and storing at 4◦C.
Sanger sequencing primers for sample A-G, 5,562-member
library, and selection output were Primer K, Primer L, and
Primer M, respectively. Sanger sequencing was performed
by Eurofins genomics, Germany. Sequences of all primers
are listed in Supplementary Table S6.

Surveyor nuclease treatment

Before treatment, the PCR product was confirmed by gel
electrophoresis by loading 2 �l of the reaction mixture on a
2% agarose gel (Bio-Rad, USA). After the product was con-
firmed to be a single band of the correct size, the remaining
PCR product was mixed with 4.8 �l of MgCl2 (150 mM),
1 �l of Surveyor Enhancer S (SES), and 2 �l of Surveyor
Nuclease S (SNS) and incubated at 42◦C for 1 h in the PCR
thermocycler. The reaction was stopped by adding 1/10 vol-
ume of the stop solution.

Agarose gel electrophoresis, DNA purification and quantifi-
cation

10 �l of each reaction mixture was transferred to new tubes
for gel imaging. 5 �l of each sample was mixed with 1 �l
of 6× agarose loading dye and loaded on a 2% gel. The
agarose gel images were taken using ChemiDoc MP System
with Image Lab (Bio-Rad, USA).

The rest were loaded on 2% agarose gel to separate full-
length DNA from cleaved fragments. A constant voltage of
90 V was applied for 1.5 h. DNA bands were visualized by
a UV transilluminator (UVP, Germany). The DNA bands
of the correct size in both treated and untreated samples
were sliced out and subjected to gel purification by using
Nucleospin Gel and PCR clean-up kit (Macherey-Nagel,
Germany). The concentration of purified DNA was mea-
sured with Nanodrop 2000 Spectrophotometers to detect
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the absorption at 260 nm. Purified DNA entered the next
rounds of Surveyor nuclease treatment as described above.

Illumina high-throughput sequencing

All samples submitted to next-generation sequencing were
PCR amplified to attach specific tags required for high-
throughput sequencing. PCR product was recovered by gel
extraction. PCR protocol was the same as the protocol for
Sanger sequencing sample preparation. The concentration
of each PCR product was measured by Nanodrop 2000
spectrophotometers, and samples were mixed in the same
concentration and subjected to the second PCR amplifi-
cation with the primers Illumina FOR and Illumina REV
to attach adapter sequences compatible with the flow cell.
The final amplification product, which contained informa-
tion on all four samples was subjected to next-generation se-
quencing. Next-generation sequencing was performed with
HiSeq2500 and Novaseq 6000 Next Generation Sequencer
(Illumina).

Synthesis of 309 × 18-member DNA library with two code
regions

The 309 × 18-member DNA library was generated by lig-
ating two sets of oligonucleotides. The first 309 oligonu-
cleotides were 77 nt long containing 25 nt variable regions,
and the second set contained 18 oligonucleotides which
were 48 nt long with 21 nt variable regions. The first set
of oligonucleotides was pooled (each 1.5 nmol) and split
into 18 tubes in equal amounts. Then each phosphorylated
oligonucleotide (each 556 nmol) from the second set was
added to each tube of the first set of oligonucleotides. Lig-
ation was performed using T4 DNA ligase in 1X NEB2
buffer supplemented with 1 mM ATP in 100 �l volume. Se-
quence Q was generated by ligating two oligonucleotides,
which belong to the two sets of oligonucleotides, respec-
tively. Ligation of the oligonucleotides was performed in the
same way as the encoding step in library synthesis. Both lig-
ation products were PCR amplified and purified. The con-
centration of PCR products was then measured by Nan-
odrop 2000 Spectrophotometers. Then both samples were
mixed accordingly to obtain a library, in which Q accounts
for 20% of the total amount.

Selection against target proteins with DNA-encoded chemi-
cal libraries L1, L2 and L3

The target protein (P) was immobilized on N-
hydroxysuccinimide (NHS)-activated Sepharose 4 Fast
Flow (GE Healthcare, UK) via amide bond formation
according to the manufacturer’s instruction. The target
protein on the beads was incubated with the library (1 nM
per compound) L1 or L2 for 1 h at room temperature.
After washing the beads three times with 1× PBS buffer
with 0.05% Tween-20, the bound library members were
eluted in 100 �l 10 mM Tris buffer with 0.05% Tween-20,
pH 8.3 by heat at 95◦C for 10 min.

The DNA-encoded library L3 and the selection output
K0 were provided by DyNAbind GmbH. The construct of
libraries L1, L2, and L3 are listed in Supplementary Table
S7.

Mathematical fitting

We obtained the parameter value in the model by min-
imizing the difference between data and model, i.e.∑N

i=0 ( fi − Di )2 where fi is the value obtained from our
model, Di is the data from experiments, N is the number
of data points in the dataset.

Data analysis

Illumina sequencing raw data was decoded by a custom
python script. Briefly, code sequences in the raw sequences
in the fastq files were extracted and assigned to the corre-
sponding identity. This count of each code sequence was
obtained by looping through the raw fastq file and count-
ing the occurrence of the same code or code combination.
Sequence abundance of each sequence was calculated by di-
viding each count by total counts.

All plots were generated by the software OriginLab 2019.

RESULTS

Computational simulation of sequence propagation at differ-
ent NADEL efficiencies

The concept of the nonlinear manipulation and analysis
of DEL (NADEL) is described in Figure 1. After PCR
amplification of a DNA library carrying a diverse coding
region, the library is subjected to a fast reshuffling pro-
cess and kinetically trapped metastable state (Figure 1A).
The resulting heteroduplexes are then selectively cleaved
by mismatch-specific endonucleases, such as Surveyor nu-
clease, a widely used enzyme for mutation detection, er-
ror correction in synthetic DNA and quantifying genome
editing efficiency (30–36). Because the relatively more abun-
dant sequences have higher probabilities of forming homod-
uplexes during the reshuffling process, they are protected
from cleavage. The homoduplexes, as the ‘winners’ surviv-
ing this process, but not the fragments from the cleaved het-
eroduplexes are further amplified by PCR. The biased sam-
ple can be then, either purified and sequenced, or subjected
to the next NADEL cycle to further enhance the content of
winner(s). Three reshuffling conditions with different ramp
were tested and we discovered that a fast reshuffling can in-
troduce the highest degree of heteroduplexes (Supplemen-
tary Figure S2).

To build a molecular circuit that exerts a biased compe-
tition function, we first simulated the propagation of vari-
ous mixtures containing ten different DNA sequences (Fig-
ures 2, Supplementary Figure S3 and S4). Through anal-
ysis on the thermodynamics of DNA duplexes, we found
that the formation of heteroduplex and homoduplex are
equally probable at the reshuffling condition, as both struc-
tures contain stable complementary domains (Supplemen-
tary Figure S1). Therefore, to describe the sequence distri-
bution of a DNA library after a NADEL cycle, we utilized
the proportion of each sequence to represent the abundance
in the system and the efficiency of consumption of het-
eroduplexes by the mismatch-detecting endonuclease was
defined by factor α. The fraction P of the ith member in the
mixture after a NADEL cycle is expressed by the following
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Figure 1. Schematic illustration of Nonlinear Manipulation and Analysis of DEL (NADEL). (A) Energy landscape in DNA hybridization among different
sequences sharing universal primer sequences. Rapid cooling and the strong specific interactions between the complementary primer regions can lead to the
formation of mismatched heteroduplexes trapped in a deep local minimum of free energy. The mismatched duplexes are targeted by the mismatch-detecting
endonuclease. (B) After amplification by PCR, the library is subjected to fast reshuffling process to generate pool of homo-and hetero-duplexes. Resulting
heteroduplexes can be digested by mismatch-specific endonuclease. Then only full-length DNA can be purified. Iteration of the process leads to nonlinear
propagation of ‘winner’ DNA (orange code).

equation:

P (i ) = p2
i + (1 − α) pi (1 − pi )∑N

j=1 p2
j + (1 − α)

∑N
j=1 p j

(
1 − p j

) (1)

(Supplementary Figure S1). For a NADEL cycle at an ideal
condition, � is 1, indicating all the mismatches generated
are consumed by the nuclease, whereas � is 0 for an unbi-
ased competition (i.e. in the absence of the nuclease). As
NADEL is designed as an operation for various mixtures
of DNA as datasets, it is essential to identify a determin-
istic complexity measure that can reliably describe a DNA
library in terms of library diversity and sequence distribu-
tion. We found that information entropy (IE) a good de-
scriptor to reflect a DNA population, as it measures the
probability distribution quantitatively (37). Moreover, the
calculation of IE includes all data points. (Equation 2).

IE(X) = −
n∑

i=1

P (Xi ) log2 P (Xi ) (2)

In our system, the probability of drawing a certain se-
quence equals to the sequence’s abundance. IE is large when
the library shows a uniform distribution of sequences, such
as a library before selection. Like selection, NADEL re-
duces IE, pushing the population away from a uniform dis-
tribution. As shown in Figures 2, Supplementary Figure
S3 and S4, the effect of NADEL was simulated in terms of
sequence abundance, IE, and signal-to-noise ratio (SNR)
with three � values (0, 0.5 and 1). For a mixture with only
one member in large excess at the initial condition, itera-

tive NADEL cycles lead to 100% sequence abundance of
the winner; thus, IE converges to zero. However, when two
sequences are equally abundant over others, the library con-
verges to two winners.

Experimental validation of NADEL with 10-member DEL

To test NADEL experimentally, we designed a small library
of 10 DNA sequences with 20 nt codes (Figure 3A and Sup-
plementary Table S1), flanked by primers A and B. To en-
sure high sequence diversity of the small library, the differ-
ence between any two sequences was designed to be over
15. The ten sequences were mixed in seven different ratios
(Figure 3A), mimicking various mixture compositions be-
fore and after DEL selections. For example, mixing ten se-
quences in equal amounts (sample A0) represents an ideal
library before selection. Sample B0 represents the situation
of one strong binder with some weak binders, while sample
F0 mimics a selected mixture with more than one moder-
ate binder. As a representative example, after one cycle of
NADEL, sample A showed a remarkable decrease of the 60
bp band on the gel, compared to the sample without treat-
ment. The 60 bp DNA band was separated, purified, and
submitted to the next NADEL cycles. To demonstrate the
possibility of analyzing the NADEL products by Sanger se-
quencing, samples (B0 – G0) were subjected to NADEL cy-
cles until the sequencing profile were dominated by the sig-
nals from the most abundant sequence with low ambiguity
(Figure 3). As expected, the NADEL sequencing profiles
of A0, A1, A2 and A3, where the subscript number is the
number of NADEL cycles, are as noisy as the original un-
treated A0 sample (Supplementary Figure S5A). For sam-
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Figure 2. Simulated NADEL propagation of 10-member libraries of different initial ratios with three � values (� = 0, 0.5 and 1). The effect of NADEL
was monitored from the aspects of sequence abundance (top panel) and information entropy (IE) (bottom). Any sequence from S3 to S10 (in triangles) is
considered as noise.

ples, whose relative abundances of sequences are varied to
mimic different selection results (samples B to G), the noise
of sequencing profiles decreased after NADEL cycles. For
B0, C0, D0 and E0, mimicking the presence of one major
binder after the selection process, one to two NADEL cycles
were sufficient to read the most abundant sequence S1 with-
out error (Figures 3C, D, and Supplementary Figure S5).
The more challenging samples are G0 and F0, in which two
sequences (S1 and S2) were in comparable excess (i.e. mim-
icking the presence of multiple similarly strong binders after
library selection). G0 could be particularly difficult because
both sequences are in equal amount. Interestingly, a single
NADEL cycle of F0 led to the unambiguous identification
of S1 (Supplementary Figure S5B). Differently, after the
first NADEL cycle, the sequencing profile of G1 remained
very noisy (Supplementary Figure S5F), while the noise has
markedly decreased following three NADEL cycles (G3,
Figure 3D). Eventually, by analyzing the major peaks in
the chromatogram, both sequences of S1 and S2 could be
fully retrieved (Figure 3D). When there is more than one
major species in relatively similar amount, NADEL cycles
may lead to more than one major species in the final mix-
ture in good agreement with the simulation (Figure 2). As
we will show later, when analyzing the samples from real se-
lection experiments with large DELs using NGS, multiple
‘winner’ sequences can be co-evolved against other ‘loser’
sequences.

Experimental validation of NADEL with two-code DEL

Next, we tested the NADEL method with a DNA library
containing two codes (Figure 4A). Codes 1 and 2 contain
309 and 18 different code sequences of 25 nt and 21 nt, re-
spectively. The 5562-member library contains a sequence Q,
accounting for 20% of the total library (Figure 4A).

The mole ratio of code 1 of Q to every other code 1 se-
quence is 77:1, and the ratio of code 2 of Q to every other
code 2 sequence is 4.25:1. This design allowed us to test
the NADEL method in a combinatorial library setup and
evaluate its efficacy upon treating different diversities (e.g.
code 1 309-member versus code 2 18-member). Through
the four NADEL cycles, the noise of sequencing profiles
reduced gradually. Interestingly, after four cycles, the se-
quencing profile of code region 1could be unambiguously
assigned to code 1 of Q with zero error, whereas that of
code region 2 contained six errors (Figures 4B and Supple-
mentary Figure S6; errors in lower case). Nevertheless, the
obtained sequence could still be assigned to code 2 of Q,
as they show the least hamming distance, compared to the
other library members (Supplementary Table S2).

Selection and NADEL with a 274-member DEL

To test the utility of NADEL with a real DEL library, we
performed a selection experiment against protein target P
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Figure 3. NADEL with 10-member DNA libraries. (A) Scheme of libraries with 10 DNA sequences (S1–S10) in 7 different ratios (A0–G0). (B) Repre-
sentative agarose gel electrophoresis of library A. A1+: Sample digested by endonuclease in the first NADEL round. A1-: Sample without endonuclease
treatment. A2+: Sample digested by endonuclease treatment in the second NADEL round. A2-: Sample without endonuclease treatment. A3+: Sample
digested by endonuclease in the third NADEL round. A3-: Sample without endonuclease treatment. Arrows indicate smear from cleavage. (C) Sanger
sequencing chromatograms of library B before NADEL (B0) and after two rounds of NADEL (B2). (D) Sanger sequencing chromatograms of library G
before NADEL (G0) and after three rounds of NADEL (G3).

Figure 4. NADEL with a 5562-member DEL. (A) Scheme of a 309 × 18-
member library with two code regions. Sequence Q accounts for 20% of
the mixture. The spacer domain is 27 bp long. (B) Sanger sequencing chro-
matogram of code 1 and code 2 before NADEL and after four rounds of
NADEL. Upper caps are the bases correctly read by Sanger sequencing,
whereas lower caps are the bases incorrectly read by Sanger sequencing.

using a DEL of 274 compounds with one 20 nt coding re-
gion (L1) (Figure 5A) (the identity of the target protein is
not relevant to this study). The selection output P0 and
NADEL-treated samples P1, P2 and P3 were analyzed by
Sanger sequencing. The sequencing profile of the sample
after three rounds of NADEL (P3) showed a significant re-

duction of noise (Figure 5B). Intriguingly, Sanger sequenc-
ing chromatogram of P3 could be deconvoluted into two
codes, X and Y, from major peaks and secondary signals
respectively. The samples were subjected to NGS (Illumina)
to confirm this result. Figures 5C and 5D show the rela-
tive abundances calculated from NGS results for all codes.
As expected, the top two of the three codes, which became
dominant after NADEL cycles (Figure 5D), were found to
be X and Y, in good agreement with the Sanger sequenc-
ing chromatogram. Moreover, their relative abundances in-
creased over the cycles, accounting for more than 87% of
total reads after the third NADEL cycle, while the rest of
the codes displayed declining sequence abundance.

We calculated the efficiency parameter � by fitting the
NGS data with our mathematical model and obtained � =
0.76. Comparison of experimental and the simulated results
with � = 0.76 in terms of IE and sequence abundance of
each code in P1 to P3 are shown in Figures 5E and F–H,
respectively. The experimental results were in high consis-
tency with simulations.

We applied � value of 0.76 and simulated the Sanger se-
quencing chromatograms of the ten-member libraries with
the calculated ratio of each sequence (Supplementary Fig-
ure S7–S10). In parallel, SNR was calculated from the ex-
perimentally obtained Sanger sequencing results and com-
pared with the simulated results (Supplementary Figure
S11). Both analyses show that Sanger sequencing could not
reliably reflect the sequence distribution of a library. Be-
cause Sanger sequencing is mainly used to sequence one
DNA species, it can only serve as a qualitative measure-
ment to trace the SNR changes, rather than quantitatively
analyzing the sequence distribution. Therefore, we utilized
next-generation sequencing data to calculate the value of �.
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Figure 5. Selection and NADEL with a 274-member DEL. (A) Scheme of the 274-member DEL. (B) Sanger sequencing chromatogram of selection output
before NADEL and after three rounds of NADEL. (C) Sequence abundance of library members from selection (P0). (D) Sequence abundance of code
X, Y and Z before and over three NADEL cycles, as revealed by NGS (left). Violin plot representing sequence abundance of the rest 271 codes before
and after NADEL (right) The yellow box inside of each distribution ranges from 25% to 75% of the data and black horizontal line indicates the median.
(E) Simulated IE with the mathematical model vs experimentally observed IE. (F–H) Comparison between measured sequence abundance (red dashed
line) and simulated result at each NADEL cycle (black dashed line). Simulation of IE and sequence abundance was obtained by applying � = 0.76 to the
Equation (1).
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Selection and NADEL with large DELs

We then tested NADEL with a 232 320-member two-
building block library (640 × 363) (L2), synthesized by the
split-and-pool method with an amino acid as the first build-
ing block to conjugate with amine-functionalized DNA
tag and the second building block with carboxyl function-
ality that can react with the amino group from the first
building block. The DNA tag structure is identical to the
5562-member DNA library (Figure 4A). The library was
again selected against target protein P, and three rounds
of NADEL were performed with the output. NGS moni-
tored each round to trace the change in sequence distribu-
tion (Figure 6). The complexity of the sample was greatly re-
duced by eliminating sequences of low abundance (shaded
region in Figure 5A and Supplementary Table S3). How-
ever, the IE change was not as remarkable as that of L1. We
predicted the IE values of L2 with efficiency parameter �
value fitted from L1 and found a good agreement with ex-
perimental results (Figure 6B), indicating that efficiency of
enzymatic cleavage is similar in both libraries. Further, by
in-depth simulation on libraries of varying sizes, we discov-
ered that the large library size represents an important pa-
rameter explaining the creeping changes in IE and the abun-
dance of the winner sequence (Figures 6C, D, and Supple-
mentary Figure S12).

Because the enzyme used in our study is often employed
for reliably detecting genome editing efficiency or muta-
tion ratio (34–36), we tested if enlarging the DNA con-
struct can improve the efficiency of enzymatic cleavage and
therefore improve NADEL efficiency. Since DEL has a rel-
atively small DNA construct compared to a gene, we won-
dered if increasing the construct length would enhance the
efficiency. Thus, we chose a 766 480-member (880 × 871)
DNA-encoded library (L3), with the largest construct and
the largest library size currently available for us (Supple-
mentary Figure S13). The library was selected against pro-
tein K. We increased the size of DNA of the selection out-
put K0 from 140 bp to 227 bp by increasing the length
of primer via overlap extension PCR. NADEL was car-
ried out on the extended construct for three cycles. Surpris-
ingly, NADEL efficiency was improved significantly and fit-
ting the experimental data to the model revealed α > 0.99.
As demonstrated in Figures 5E, F and Supplementary Ta-
ble S4, NADEL eliminated the low-abundance sequences
tremendously, and IE displayed step-by-step decrease over
three cycles. Further, on the same ranges of library sizes
as in Figure 5C and D, we performed computational sim-
ulation using the calculated � (0.9994) from L3. With
high NADEL efficiency, the changes in IE and abundance
of the winner were remarkably accelerated (Figure 6G
and H).

To confirm the fitted value of � experimentally, we mea-
sured the fold change of the amount upon enzyme treat-
ment by quantitative PCR (qPCR). Remarkably, the exper-
imentally obtained � was in good agreement with the fit-
ted value (Supplementary Figure S14). Moreover, the ef-
fect of overlap extension PCR was also observed with L1,
as reflected by the increased value of � (Supplementary
Figure S14).

In addition, we examined if the length of spacer domain
(SD) influences NADEL efficiency by altering the size of
mismatched loop. Therefore, we prepared four mock li-
braries with different SD sizes. The scheme of the DNA
construct is shown in Supplementary Figure S15, and the
sequences are listed in Supplementary Table S5. In each
mock library, four sequences (S1, S2, S3 and S4) were mixed
with a partially degenerate library (SN) of 412 diversity in
the abundance of 20%, 5%, 5%, 5% and 65%, respectively.
By NGS, we traced the abundance of the four sequences
over three NADEL cycles. We calculated � value for four
libraries from the experimental results and did not observe
a clear correlation between the SD length and NADEL effi-
cacy (Supplementary Figure S15). In the future, studies on
different DEL constructs will help us to design libraries with
high NADEL efficacy.

DISCUSSION

Through biased molecular competition, the NADEL ap-
proach allowed us to reduce the complexity of DNA li-
braries of different scales, from ten to sub-million members.
As DEL is the only large dataset with individually designed
and synthesized DNA codes available to perform NADEL,
in this work, we have investigated the utility of NADEL in
DEL technology. Unlike silicon-based computers, the mas-
sive parallelism associated with NADEL is especially at-
tractive for large datasets. When applied to a DEL of 200
000 compounds, NADEL involves competitions among 20
billion different DNA duplexes. Current cutting-edge NGS
platforms (e.g. Illumina Novaseq 6000) can provide up to 20
billion reads per sequencing run. To analyze the sequencing
reads confidently, it is desired to oversample the library by
a factor of 10 (38,39). However, it has become common to
index each selection and pool multiple selections together
in one sequencing run to reduce cost and time. As a result,
total sequence counts for each selection in this work and
in reported literature is often in the range of sub-million
to a few millions regardless of library size (40–42), cover-
ing only a fraction of the library. Thus, current sequencing
depth cannot cover the libraries of billions to trillions size,
resulting in zero-copy counts for a large portion of the li-
brary members. While the NADEL method remains to be
further developed, it will never replace the standard DEL
analysis protocol (38). Instead, it can provide an alternative
way to investigate the selection data, complementary to the
direct sampling approach, by analyzing a pool of DNA pre-
processed by molecular computation. NADEL can also be
used for image processing to enhance the contrast. When
random subsets of the L2 and L3 libraries are presented
100 × 100 gray scale pictures, with each unique sequence
representing a pixel and its abundance representing the pixel
value, NADEL can help increase the contrast (Figure 7
and Supplementary Figure S16). In the future, studying and
optimizing NADEL efficiency on more diverse DNA con-
structs as well as larger libraries (i.e. three-building block
DELs) would deepen our understanding on this nonlin-
ear process and bring its applications into drug discovery
as well as other fields. Another very important direction
for future development is the automation of NADEL, for
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Figure 6. Selection and NADEL with large DELs. (A) Violin plots of sequence abundance from 232 320-member library before and after NADEL. The
shaded region indicates that NADEL can remove many low-abundance noise sequences. The box inside of each distribution ranges from 10% to 90% of
the population. (B) Comparison between simulated IE (black) and experimentally obtained IE (red) over three NADEL cycles. IE was calculated with � =
0.76. Simulated sequence abundance of winner (C) and IE (D) of libraries from 100 members to 300 000 members (� = 0.76). (E) Violin plots of sequence
abundance from 766,480-member library before and after NADEL. The box inside of each distribution ranges from 10% to 90% of the population. (F)
Comparison between simulated IE (black) and experimentally obtained IE (red) over three NADEL cycles. IE was calculated with � = 0.9994. Simulated
sequence abundance of winner (G) and IE (H) of libraries from 100 members to 300,000 members (� = 0.9994). Horizontal lines in the heatmaps (e.g.
those pointed by red arrows) represent situations where more than one winner sequences are of the same abundance in the randomly generated libraries.
Therefore, NADEL can never produce a single winner from these libraries.
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Figure 7. Enhancing image contrast by NADEL. (A) A 100 × 100 grey scale image as a subset of 640 × 363 grey scale images (L2) before and after three
cycles of NADEL treatment. (B) A 100 × 100 grey scale image as a subset of the 880 × 871 grey scale images (library L3) before and after three cycles of
NADEL treatment. Full images of L2 and L3 are shown in Supplementary Figure S15.
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example, by building a microfluidics device. It will allow
us to perform tens of NADEL cycles readily, to demon-
strate and realize the nonlinear effect predicted by the
simulations.
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