
© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Chem. Biol., 2022, 3, 407–419 |  407

Cite this: RSC Chem. Biol., 2022,

3, 407

Recent advances in DNA-encoded
dynamic libraries

Bingbing Shi,a Yu Zhou*b and Xiaoyu Li *bc

The DNA-encoded chemical library (DEL) has emerged as a powerful technology platform in drug

discovery and is also gaining momentum in academic research. The rapid development of DNA-/DEL-

compatible chemistries has greatly expanded the chemical space accessible to DELs. DEL technology

has been widely adopted in the pharmaceutical industry and a number of clinical drug candidates have

been identified from DEL selections. Recent innovations have combined DELs with other legacy and

emerging techniques. Among them, the DNA-encoded dynamic library (DEDL) introduces DNA

encoding into the classic dynamic combinatorial libraries (DCLs) and also integrates the principle of

fragment-based drug discovery (FBDD), making DEDL a novel approach with distinct features from static

DELs. In this Review, we provide a summary of the recently developed DEDL methods and their

applications. Future developments in DEDLs are expected to extend the application scope of DELs to

complex biological systems with unique ligand-discovery capabilities.

1. Introduction
1.1 DNA-encoded chemical library (DEL)

The identification of small-molecule ligands that can modulate
the functions of biological targets is central to chemical,
biological, and pharmaceutical sciences. For decades, high-

throughput screening (HTS) has been a major ligand-discovery
modality;1 however, HTS platforms are complex, prohibitively
expensive, and are limited to several millions of compounds.
In the past two decades, the emergence of the DNA-encoded
library (DEL) technology, also called DELT, has replaced spatial
encoding with DNA encoding in chemical libraries, thus over-
coming the throughput limit of traditional HTS and being much
more affordable and accessible to researchers.2–11 For instance,
many companies and institutions are offering DEL selection
services: premade DEL kits12 for direct use in selections, and
reagent kits13 for custom DEL synthesis are also available to meet
the needs of individual researchers. Furthermore, with the recent
expansion of DNA-/DEL-compatible reaction toolkits,2,6,7,14–16

DELs can access much greater chemical space, which has
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been a major driver for its adoption in the pharmaceutical
industry.3,11,17–20

The concept of the DEL was proposed by Brenner and Lerner
in 1992.21 It was originally devised as an approach to improve
the traditional one-bead, one-compound (OBOC) combinatorial
chemical library by synthesizing an on-bead DNA tag along with
the compound. After the screening, the DNA-tagged OBOC
library (OBOC-DEL) could be deconvoluted by reading the
DNA sequence attached to the isolated beads. The concept
was quickly realized by Nielsen, Brenner, and Janda22 as well
as by Gallop and co-workers in 1993.23 OBOC-DELs had a
practical limit on the library size (e.g., the number of beads
that can be handled) and involved the challenging parallel
synthesis of chemical compounds and oligonucleotides.
Nevertheless, these early studies laid out the technological
foundation of DELs, including the encoding strategy, selection
method, and decoding techniques. Later, OBOC-DELs became
less reported, and until recently, the research groups of Paegel
and Kodadek have revived OBOC-DELs with sophisticated bead
designs, novel on-bead chemistry, and advanced instrumentation,
which have led to a variety of novel applications.7,15,23–29

The details of modern OBOC-DELs fall outside the scope of
this review and we refer interested readers to these excellent review
articles.9,30,31 In 2004, Neri,32 Liu,33 Harbury,34 Winssinger,35 and
their respective co-workers independently reported four types of
encoded library: the dual-pharmacophore encoded self-assembling
chemical (ESAC) library, the DNA-templated synthesis (DTS)
library, the DNA-routing library, and the peptide–nucleic-acid
(PNA)-encoded library. The libraries are encoded by either DNA
translation, routing, or ligation in the solution phase, thereby
overcoming the limitations of OBOC libraries. In a seminal
work in 2009, GlaxoSmithKline (GSK) demonstrated the application
of DELs at an industrial scale.36 Following these landmark studies,
DELs entered a stage of rapid developments. The declining cost of
genomic-scale next-generation sequencing (NGS) technologies has
made the selection of multi-billion-compound DELs a routine
practice. With the rapid development of DEL-compatible chemistry,

arguably, the chemical space of DELs is limited by the availability of
the building blocks, rather than the reactions to connect them.2,7

Recent innovations have also integrated DEL with many legacy
and emerging techniques, such as fragment-based drug discovery
(FBDD),32,37–40 the dynamic combinatorial library (DCL),41–47

diversity-oriented synthesis (DOS),48,49 machine learning,50–52

OBOC libraries/microfluidics,24,26,53–55 flow cytometry,23,27,28 etc.,
leading to novel applications in ligand discovery and functional
assays.9,30 DEL selections have generated a number of clinical
candidates,17 such as GSK2256294, an epoxide hydrolase inhibitor
to treat pulmonary disease,17,18 GSK2982772, a first-in-class
receptor-interacting protein-1 kinase inhibitor to treat inflammatory
diseases,17,19 and X-165, an autotaxin inhibitor as the clinical
candidate for pulmonary fibrosis.20 Very recently, researchers
selected a 4-billion DEL against the SARS-CoV-2 main protease
(Mpro) and obtained potent inhibitors with high potential for
clinical development.56

Regardless of whether in solution or on beads, most DELs
are ‘‘static’’, i.e., the population of the library is fixed. Incubation
with the target establishes a thermodynamic equilibrium, which
is usually driven by the high concentration of the protein
(0.4–50 mM),8 and a series of washing steps to remove the
non-binders, whereas the ‘‘enriched’’ binders are eluted under
denaturing conditions (Fig. 1a). The ideal condition for affinity-
based DEL selections should be a balance of the thermodynamic
association (Ka) and kinetic disassociation (koff) parameters.
However, first, developing an optimal washing protocol is
rather difficult as many factors are implicated (the number
of washes, time duration, buffers, centrifugation conditions,
temperature, etc.). The Neri group provided an excellent protocol
as a reference for DEL selections,57 and recent studies have
shown that quantitative PCR (qPCR) is an effective tool for
quality control.58–62 Second, the binders with low abundance
may be missed if their copy numbers fall below the detection
threshold after the selection,59,63 which may worsen for very
large libraries. Third, the washing-based selections require a
purified and immobilized protein, which may limit the target
scope. Recent studies have developed several methods for
in-solution DEL selections in buffers, in cell lysates, on/within
live cells, with whole bacteria, and even in human sera.8 However,
DEL selections with immobilized targets remain the mainstream
practice.

Fig. 1 Schematic illustrations of (a) the selection of a DNA-encoded
library (DEL) against immobilized protein targets and (b) the formation
and selection of a dynamic combinatorial library (DCL).
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1.2 Dynamic combinatorial library (DCL)

The dynamic combinatorial library (DCL) is a type of combinatorial
chemical library, where the library is formed in situ by mixing the
building blocks (BBs) that can undergo dynamic exchange through
reversible chemical reactions (Fig. 1b).64–78 In contrast to traditional
HTS and DEL selection, DCL screening utilizes the protein to
template the ligand synthesis. Compared with a static library, first,
the DCL allows for the spontaneous formation of the binders
without spatial separation; second, the DCL has the advantage of
high-affinity but low-abundance binders being amplified from a
large excess of a non-binding background, i.e., a higher signal-to-
noise ratio; third, DCLs can be feasibly prepared by mixing the BBs
(also called fragments) in a single solution without the synthesis of
individual compounds; fourth, DCLs are under thermodynamic
control, and a comparison of the equilibria before and after target
addition is able to identify the binders. In the past decades, DCLs
have shown great potential in drug discovery, materials science,
and systems chemistry. However, the development and application
of DCLs have been significantly hampered by the small library size.

Although elegant strategies have been developed to access large
dynamic libraries,79–84 most DCLs only contain a few dozen to
several hundreds of compounds.68 The major underlying reason is
the lack of analytical methods suitable for resolving large libraries
and identifying the binders from complex mixtures.68,78,85,86

Typically, liquid chromatography,68,87–91 mass spectrometry,92

NMR,93 and spectroscopic methods81,94,95 are used for hit identifi-
cation in DCL screening, but these methods lack the resolution and
throughput for large libraries. In addition, DCL screening usually
requires high protein consumption and involves tedious sample-
processing procedures (e.g., the separation of protein from bound
ligands prior to analysis).

1.3 Concept and advantages of the DNA-encoded dynamic
library (DEDL)

The DCL and the DEL share some similarities in that both are
‘‘one-pot’’ libraries and all the compounds are synthesized,
processed, and selected simultaneously without spatial separation.
However, DELs can contain a very large number of compounds and

Fig. 2 Schematic illustrations for (a) selection of the dual-pharmacophore ESAC library, (b) the tag-transfer strategy to connect the two sets of codes in
ESAC libraries, (c) assembly and selection of the PNA-encoded, DNA-templated fragment library, and (d) the original concept of the dynamic assembly of
DNA-encoded fragments.
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the library selection can be conducted at a minute scale. Hence,
introducing DNA encoding may be a promising strategy to
address the long-lasting issue of DCLs. On the other hand,
dynamic DELs have the advantages of DCLs. The preparation
of dynamic DELs is straightforward by simply mixing the
DNA-encoded BBs. The protein target can act as the template
to promote the synthesis/enrichment of the binders, which may
give a higher signal-to-noise ratio and enable the identification
of the high-affinity binders with copy numbers below the
reliability threshold in DEL selections (103–104 copies per
compound).59,63 Furthermore, the selection of dynamic DELs
may be conducted without physical washes, thus realizing
selections in solution or with complex biological targets.
Indeed, researchers have developed a number of dynamic DEL
approaches.96 Although these methods are given different
names in different studies, to avoid confusion, they are
generally referred as DNA-encoded dynamic libraries (DEDLs)
in this Review Article.

2. Previous studies leading to the
development of DEDLs
2.1 Dual-pharmacophore ESAC library

In 2004, the Neri group reported an encoded self-assembling
chemical (ESAC) library method in which two sets of partially
complementary DNA-encoded BBs are mixed to form a
combinatorial library of fragments (Fig. 2a).32,37,97–102 The
library is selected against immobilized targets, and the binding
BBs can be decoded by sequencing the coding regions. Initially,
the two BBs in a binding pair are separately decoded and their
correlation is lost; thus, ESAC libraries were mostly used for
affinity maturation of known ligands.98,99,103 Recently, an elegant
tag-transfer approach was developed to incorporate both sets of
codes into one DNA strand (Fig. 2b),37 so that the synergistic BB
pairs, instead of individual BBs, could be identified. ESAC
libraries have been successfully employed to discover novel
ligands against a variety of biological targets.104 The quality of
ESAC libraries is very high, since each DNA-conjugated BB is
chromatographically purified and there are no truncated/side
products as in regular DELs.105–107 In principle, the ESAC library
is in line with fragment-based drug discovery (FBDD), where small
fragments (i.e., the BBs) that cooperatively bind to the target are
identified before being elaborated into high-affinity binders
through fragment linking, growing, and/or merging.85 However,
ESAC libraries are static and are usually selected against purified
and immobilized proteins.

2.2 PNA/DNA-directed fragment assembly

PNA (peptide nucleic acid) is a type of nucleic acid that can
form duplexes with DNA, RNA, and the PNA itself with a neutral
and achiral peptidic backbone. PNA also has a coding system of
four canonical bases, but it is more chemically stable and
compatible with organic reactions. Previously, PNA has been
extensively used to encode small-molecule probes in proteomic
profiling, combinatorial libraries, and ligand displays.108–113

However, PNA is not compatible with PCR amplification and
DNA sequencing technologies. Winssinger and co-workers
developed an elegant strategy combining the advantages of
DNA and PNA.39,114 As shown in Fig. 2c, two sets of PNA-
encoded fragments are assembled on DNA templates, forming
a fragment-pair library. After the selection, the DNA templates
of the selected fragment pairs are amplified via PCR and then
re-translated into a more focused fragment library for more
rounds of selection. Although these PNA/DNA-encoded libraries
were also static, as suggested by the authors, this approach may
provide a viable encoding strategy for DCLs.39

2.3 Dynamic DNA ligand assemblies

Beyond duplexes, higher dimensions of fragment assemblies
have been constructed with DNA triplexes,32,115,116

quadruplexes,117–121 or even pentaplex structures.122 The first
report on using DNA duplexes to dynamically display small
molecules was by the Hamilton group in 2005.123 As shown in
Fig. 2d, they prepared a 9-member library assembled from two
sets of DNA-encoded small molecules containing an iminobiotin,
a methyl adipate, and an amino group. The library was exposed to
an immobilized streptavidin (SA), a homo-tetrameric protein that
can bind to four biotin or biotin derivatives with four binding
pockets. Without heating, the library was static (analogous to an
ESAC library), and the selection identified both the monodentate
and bidentate biotin duplexes. After the library was heated above
the melting temperature of the DNA duplexes, the library became
dynamic and started exchanging DNA strands, and the selection
with SA identified the enrichment of the high-affinity bidentate
iminobiotin duplexes. This study has demonstrated that, in a
dynamic DNA display, the protein can promote the formation of
high-affinity duplex binders at the expense of the non-binders
and the moderate binders. This work has established the basic
principle for the future development of DEDLs.

3. Development of DEDLs
3.1 DNA-encoded dynamic combinatorial chemical library
(EDCCL)

The first DEDL method was reported by Zhang and co-workers in
2015, and was named the DNA-encoded dynamic combinatorial
chemical library (EDCCL).41 As shown in Fig. 3a, first, an ESAC-
type library with stable DNA duplexes was formed. After the first
round of selection with an immobilized target, the flow-through
was heated to melt the DNA duplexes and enable the dynamic
exchange of the DNA strands. Such a reshuffling process
promoted the formation of more high-affinity duplexes, which
can be further enriched in more rounds of selection. Several
model libraries were prepared by mixing different ratios of the
non-binding DNA duplexes and the duplexes with an iminobiotin.
The authors also tested different numbers (m) of complementary
base pairs to adjust the duplex stability. When m is large (e.g.,
m = 21), the duplexes were stable, and the library was static.
The selection with SA did enrich the high-affinity bidentate
iminobiotin duplexes, but the enrichment fold was low due to
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the low reshuffling rate of the DNA duplexes, i.e., a high kinetic
barrier (Fig. 3a). When m was decreased to 6–8, the library became
dynamic, and the addition of SA shifted the equilibrium and led
to the enrichment of the bidentate duplexes. The enrichment of
the dynamic library was more significant than the static library.
Notably, the weaker the monovalent binding, the greater is the
enrichment of the bidentate duplexes. The authors also showed
that this method could identify low- to high-micromolar binders,
a typical affinity range for unbiased DEL selections. Furthermore,
this approach was extended to heat-induced EDCCLs (hi-
EDCCLs), where the affinity selection and the heat-induced
recombination process were carried out separately. As shown in
Fig. 3a, after the selection of the stable library against the
immobilized SA, the flow-through containing the non-binders
and weak binders was subjected to a heating/annealing process
to reshuffle the DNA strands and form more of the high-affinity
bidentate duplexes. The reshuffled library was then subjected to
more rounds of selection for further enrichment. EDCCL/
hi-EDCCL was the first systematic study demonstrating the
preparation and selection strategies of dynamic DELs. Although
no chemical and sequence diversities were included in these
model libraries, this study has shown that, in principle, DNA
encoding could enable the selection of large DCLs, as the
bidentate duplex was enriched from a 90 600-fold excess of the
non-binding background.

The hi-EDCCL suffers the issue of strong heating (up to
90 1C), which may be detrimental to the protein and/or the
compounds. In 2019, Zhang and co-workers improved the EDCCL
method by using a Y-shaped DNA architecture (Y-EDCCL).42

As shown in Fig. 3b, the Y-EDCCL is assembled from two sets
of partially complementary DNA-encoded BBs, and the short

hybridization region makes the dynamic assembly/reshuffling
possible at room temperature. The selection of Y-EDCCLs was also
conducted with an immobilized target, and the high-affinity
duplexes bound to the target stabilized the Y-shaped DNA complex.
The DNA codes of the two strands were enzymatically ligated for
decoding (Fig. 3b). The ligation step may provide an additional
mechanism for reducing the background arising from single BB
binding since the corresponding DNA codes could not be ligated.
Notably, the selection of Y-EDCCLs gave a significantly higher
enrichment of the bidentate binders in comparison with either
the Y-shaped or the linear static library (426-fold higher
enrichment in SA selection). Although only model libraries with a
limited diversity were tested (a 285-member Y-EDCCL was selected
against carbonic anhydrase II, CA-2), Y-EDCCL is compatible with
the standard hit decoding scheme of DELs, suggesting that large
DEDLs could be built and selected with this method. Collectively,
these studies have nicely shown that DNA encoding can indeed be
used to prepare, process, and select large dynamic libraries against
proteins. In addition, the EDCCL has been adapted to an automated
microfluidic platform with improved efficiency,124 and the technol-
ogy has also been commercialized and is being sold as a selection
kit (DyNAbinds) for fragment discovery.12

For DCL selections, after the equilibrium is shifted to a new
state induced by the target, an equilibrium-locking procedure is
carried out to stop the dynamic exchange, so that the ‘‘locked’’
equilibrium may be compared with that without target addition
(or other controls) for hit identification. Equilibrium locking can
be accomplished either by changing the experimental condition
(e.g., pH, temperature, or solvent composition) or by using
additives (e.g., using NaBH3CN to reduce imine to amine or
lowering the pH to stop disulfide exchange). Ideally, the ‘‘locking’’

Fig. 3 Schematic illustrations for the (a) EDCCL/hi-EDCCL and (b) Y-EDCCL approaches.
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mechanism should be very fast or at least significantly faster than
the dynamic BB exchange, so that the locking process itself has
a minimal effect on the position of the equilibrium.65,66 In
Hamilton’s dynamic duplex display and EDCCL, there was no
equilibrium locking, and the binders and non-binders were
separated via washes off the immobilized targets. In the EDCCL,
a model library was selected against non-immobilized SA using a
selective digestion strategy,125 but this was still a virtual washing
procedure and nuclease digestion may perturb the equilibrium.65

Hence, it is desirable to develop DEDL methods that can reliably
lock the equilibrium after target addition, so that the dynamic
libraries can be applied to more diverse types of biological target.

3.2 Photo-crosslinking-mediated selection of DEDLs

In 2015, the Li group reported a DEDL method using photo-
crosslinking to lock the equilibrium.43 As shown in Fig. 4a, a set

of DNA-encoded fragments is hybridized with an ‘‘anchor’’
DNA, which bears a known ligand for the target and a photo-
crosslinker (psoralen) at the distal end of the DNA strand.
When the DNA-encoded fragments are in excess, they compete
for hybridization with the anchor DNA. Due to the short length
(6–7 nt), the duplexes are unstable and constantly exchange
DNA strands, thereby forming a DEDL of ‘‘fragment–anchor’’
pairs. Upon target addition, the equilibrium shifts to form
more high-affinity bidentate duplexes. Next, the photo-
reactive psoralen group crosslinks to the opposite DNA strand
upon UV irradiation, which stops the dynamic exchange and
locks the equilibrium. The crosslinked duplexes can be isolated
for hit identification by reading the encoding DNA sequence
(Fig. 4a). Notably, the photo-crosslinking step is very fast (30–60 s)
and can be easily imposed/withdrawn without any additives and
little perturbation to the equilibrium, i.e., like taking a photo

Fig. 4 Schematic illustrations for the selection of DEDLs mediated by photo-crosslinking. (a) The early version uses an anchor DNA and a terminal
psoralen photo-crosslinker to lock the shifted equilibrium after target addition. (b) The improved version may combinatorially assemble two sets of
DNA-encoded fragments, and hit decoding is accomplished using relay-primer-bypass PCR. (c) Regular DELs could be adapted to a DEDL format. (d)
DEDL for direct ligand identification without fragment linking.
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snapshot. Although the efficiency of the photo-crosslinking
reaction is low in aqueous solution, this was not a major issue
because the crosslinked duplexes could be amplified via the
highly sensitive PCR. Actually, this might be an advantage because
of the low background signal arising from the non-binding
duplexes. The authors have carefully verified that the system
was under thermodynamic control, i.e., different starting points
led to the same thermodynamic equilibrium, which is an
important feature of DCLs.126,127 Moreover, this method completely
abolished protein modification/immobilization and physical
washes. The selection takes place in one solution and is suitable
for unmodified, non-immobilized proteins.125,128,129 This study
selected a model library against SA and CA-2, and the SA selection
gave a 19.2-fold enrichment of the bidentate desthiobiotin duplex,
which is comparable to typical DCL selections.90,130–132 However,
this approach can only be used for the ‘‘affinity maturation’’ of
known ligands,32,37,97,98 rather than de novo discovery.

In 2018, the Li group made a major advancement on the
photo-crosslinking-based DEDL method.44 As shown in Fig. 4b,
two sets of DNA-encoded fragments formed a combinatorial
library of fragment pairs. Again, the short hybridization region
resulted in dynamic exchange of the DNA strands, whereas the
distal regions of the DNA strands were not complementary and
contained the DNA codes. The hybridization region was also
embedded with a pair of p-stilbazole molecules, an efficient
inter-strand DNA photo-crosslinker orthogonal to natural
nucleobases with little impact on the properties of the DNA
duplexes.133 After target incubation, UV irradiation crosslinked
the duplexes and locked the equilibrium. The crosslinking
resulted in an unnatural junction that is unreadable to DNA
polymerase. To read the codes, a relay-primer-bypass decoding
strategy was used.134 In addition to the regular terminal primers,
a relay primer was added to mask the unnatural linkage;
polymerase-extension of the primers and enzymatic ligation
generated a DNA template that is compatible with PCR amplifi-
cation (Fig. 4b). A 10 000-member DEDL with actual chemical
diversity was prepared and selected against four protein targets
covering a range of protein families (SIRT3, SAE1, UBC9, and
TRIM28). For each target, multiple fragment pairs were
enriched, which were further conjugated with a series of linkers
of different lengths, flexibilities, and lipophilicities.98 In general,
the shorter linkers or no linker (i.e., direct conjugation of the
fragments) gave more potent ligands/inhibitors. More recently,
Li and co-workers selected the same DEDL against SIRT-1, -2,
and -5, as well as the BD1 and BD2 domains of bromodomain
(BRD4).135 Despite the moderate library size, a series of isoform-/
domain-selective ligands/inhibitors were identified. Collectively,
these studies have demonstrated the generality and performance
of chemically diverse DEDLs in de novo ligand discovery.

Typical DELs contain 3–4 sets of BBs; however, most DEDLs
are built on DNA duplexes with two sets of BBs, which limits the
library size. In addition, the DEDL shown in Fig. 4a requires a
pair of unnatural photo-crosslinkers. It is more desirable that
regular DELs can be adapted to a DEDL format without library
resynthesis. In 2020, the Li group replaced the p-stilbazole with
a psoralen group (Fig. 4c).136 Psoralen can be conjugated to the

non-base-pairing side of the nucleobases in DNA, is
commercially available, and does not require a crosslinking
partner in the opposite strand. Thus, in principle, any DEL
encoded with single-stranded DNA tags may be adapted to a
DEDL and the common primer-binding site can be used for
dynamic hybridization.

3.3 Non-fragment-based DNA-encoded dynamic library

All the DEDLs discussed above are fragment-based libraries;
thus, they can only be used for the discovery of synergistic
fragment pairs or affinity maturation of the known ligands.137

A fragment-linking step is required to obtain the full ligands.
In fact, fragment linking is a frequently used strategy to evolve
fragments into high-affinity/high-specificity ligands.138–141

Ideally, the linked fragments should bind to the target more
strongly than the sum of individual ones;142–144 however, the
linker has profound effects on the binding properties.145–148

Previously, Seitz, Winssinger, Neri, and their respective co-
workers have elegantly shown that small fragments selected
from DELs or DNA-display libraries could be elaborated into
potent binders by screening different linkers37,38,98,99,149–151 or
using rigid scaffolds.146 Nevertheless, fragment linking is still a
tedious and empirical procedure with lots of trial-and-
error.144,145 In fact, fragment linking takes considerably more
effort than identifying the fragment itself and is a major issue
in fragment-based ligand discovery.85,147,152

Most DCLs are also fragment libraries; however, since the
protein target templates the synthesis of the full ligands in situ,
fragment linking is no longer necessary. In most DEDLs, there
is no chemical reaction between the fragments and the
dynamic interaction only takes place between the DNA strands.
In 2020, the Li group partially addressed in the issue.45 As
shown in Fig. 4d, a regular DEL encoded with a single-stranded
DNA tag bearing a primary amine is incubated with an
‘‘anchor’’, which is a known ligand of the target with an
aldehyde group. Imine formation via aldehyde–amine conden-
sation is a widely used dynamic combinatorial chemistry (DCC)
step in DCLs and is compatible with physiological conditions.76

The dynamic imine library is selected against the non-
immobilized target. The shifted equilibrium is locked by
NaBH3CN reduction to amines. The binders could be isolated
from the mixture using an N-hydroxysuccinimide (NHS) ester,
which has a lower activity for secondary amines. A more
selective reagent, such as o-phthaldialdehyde (OPA),153 may
be used to improve the specificity. The anchor could be flexibly
changed to convert an unbiased DEL to a focused one. Existing
DELs prepared using other methods or encoded with double-
stranded DNA tags may be used, as long as the library contains
a primary amine. The method was tested with five proteins, i.e.,
CA-2, BD1 and BD2 of BRD4, acetylcholinesterase (AChE), and
the X-linked inhibitor of apoptosis protein (XIAP), and it
identified the binders of a wide range of affinities (low-nM
to mid-mM). However, the molecular weight of the library
compounds had significant effects on the selection results.
The selection of a small, 2-BB library (67 000 compounds)
identified many more potent and selective ligands than the
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large 3-BB library (17 576–one million compounds), presumably
because the large compound size offsets the anchor’s directing
effect.154 This DEDL method more resembles classic DCLs, as the
dynamic interaction occurs between the anchor and the library
compounds, and the protein templates the in situ synthesis of the
ligands; thus, fragment linking is not necessary. However, this
approach requires a known ligand of the target, which may limit
its applications.

3.4 PNA-encoded/conjugated dynamic library

PNA has been widely employed to encode small-molecule
probes in proteomic profiling, combinatorial libraries, and
ligand displays.108–113 PNA–small-molecule (especially glycans)
conjugates have been used to tailor the valency, distance, and
geometry of the ligands in the assembly.112,155,156 In principle,
many of the PNA-encoded systems could be adapted to be
dynamic and lead to novel applications;39 however, so far, the
examples are scarce. In 2017, the Winssinger group introduced
dynamic hybridization in a multivalent assembly of PNA–glycan
conjugates, which achieved an exceptional affinity gain and
inhibitory activity against bacteria lectins, as compared with the
monovalent ligands (Fig. 5a).47 More recently, this approach of
supramolecular dynamic assembly has been developed into a
library format, called a PNA-based dynamic combinatorial library
(PDCL) with 46000 assemblies.46 The PDCL is synthesized in a
‘‘split-and-mix’’ fashion wherein the PNA, linker, and glycan
were conjugated step-wise as three BBs in a combinatorial library.
The library contains not only the structural diversity, but also the
positional diversity of the glycan ligands. Rather than an encoding
tag, the PNA serves as a handle for dynamic assembly of the
conjugates (Fig. 5b). Because of the high stability of PNA–PNA
duplexes, a short 4-mer PNA is sufficient for hybridization; thus,
hit conjugates can be directly identified using MALDI mass

spectrometry. The library was selected against two bacteria lectins
(AFL and RSL), and a series of bivalent conjugates have been
identified with significantly higher affinity than the monovalent
glycans. In addition, although not directly interacting with the
protein and not connecting the two glycans, the linker motif
appeared to be very important in ligand binding, as its structural
properties are implicated in balancing the enthalpy and entropy
of the binding event.

4. Conclusions

Since the milestone study by Lehn and Hun in 1997, which
demonstrated that small-molecule ligands can be identified
from a dynamic chemical population against proteins,88 DCLs
have been exploited as a useful tool for ligand discovery.64–78

However, after decades of research, DCLs still face two main
obstacles: the limited scope of dynamic combinatorial chem-
istry and the small library size. The latter is a particularly acute
problem: unlike in materials science and systems chemistry,
for ligand discovery, the library size (chemical diversity) needs
to be very large to increase the chance of identifying potent
binders. However, with only a few exceptions,79–84,157 most
DCLs only have less than a few hundred compounds, due to
the lack of analytical methods to resolve complex
mixtures.69,86–88 The power of DNA encoding has been well
proved in DELs, and the DEDL approaches have effectively
addressed the library size issue in DCLs.

The past decade has witnessed the significant development
of DEDLs. Table 1 summarizes the key information of all
reported DEDLs. We anticipate more diverse applications of
DEDLs to emerge in the future. For example, the biological
targets previously interrogated using traditional DCLs may be
revisited through the use of DEDLs with much larger chemical
diversity. DEDL selection is compatible with non-immobilized
targets, making it an attractive method of choice for interrogat-
ing complex biological targets, such as endogenous proteins,
membrane proteins on live cells, or even intracellular
targets.10,60,158 Furthermore, multivalency is ubiquitous and
plays pivotal roles in biology; nature has exploited multivalency
to achieve strong, specific, but reversible molecular interac-
tions in biological systems.159 DEDLs may be particularly
suitable for discovering novel multivalent binders, because of
their reversible, dynamic nature and their programmability in
ligand assembly. The recent work on PDCL selection against a
bacterial lectin is an excellent example.46

There are still several technical hurdles to be circumvented
in DEDLs. First, in most DEDLs, the dynamic interactions are
between the DNA strands, rather than the BBs as in DCLs.
Although fragment-based ligand discovery has its
advantages,152 post-selection fragment linking is highly chal-
lenging, especially considering the large number of fragments
that could be identified from DEDL selections. Future develop-
ments may aim to incorporate and encode the linker motifs in
the library as a diversity element.96 Alternatively, DEDLs may be
designed to allow the protein to promote the synthesis of the

Fig. 5 (a) Multivalent dynamic assembly of PNA–glycan conjugates on a
lectin target. (b) Selection of PNA-based dynamic combinatorial libraries
(PDCLs).
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full ligands in situ. Second, the dynamic nature of DEDLs has
the advantage of amplifying strong binders from a large excess
of background, which may lead to better signal-to-noise ratios
and a lower incidence of false positives than static libraries.
However, this point has only been tested with model
libraries,41,42 and it remains to be verified with large, chemi-
cally diverse libraries, especially at the scale of typical DELs.160

Third, DCL is a thermodynamically controlled system. Adding
the target protein induces a shift of the equilibrium to the point
of the lowest free-energy position collectively for all
compounds; thus, it is possible that a DEDL selection enriches
a large number of ‘‘mediocre’’ ligands, whereas the enrichment
of the most potent binders might be obscured. This potential
issue may be addressed by using kinetic target-guided synthesis
(KTGS), in which the protein templates the irreversible reaction
between the fragments.161 Although it would not be a dynamic
library per se, this strategy may be an alternative to DEDL for
identifying the best binders from large fragment libraries.
Finally, the canonical duplex architecture limits DEDLs to two
sets of fragments. Although a triplex-display library was
proposed by Neri and co-workers,32 it has not been practically
implemented yet. Such a 3-dimensional library would boost the
diversity to a level comparable to regular DELs, but it also
presents more challenges in selection decoding and fragment

linking, which need to be carefully addressed in future
methodology development.
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Table 1 Summary of the reported DEDLs and the dual-pharmacophore static DELs

Library
architecture Selection method Target(s)

Building
block sets Building blocks in each set Size

Key
reference(s)

ESAC library Immobilized
protein

Alpha-1-acid glycoprotein,
carbonic anhydrase IX 2

550 members in sub-library
A, 202 members in sub-
library B

111 100 32,37 and
104

Dynamic assembly
of DNA-encoded
fragments

Immobilized
protein Streptavidin 1

3 � 3 model library with
iminobiotin as positive
control

9 123

EDCCL Immobilized
protein Streptavidin 1 Model library with imino-

biotin as positive control 90 601 41

Unmodified, non-
immobilized
protein

Alpha-1-acid glycoprotein 1 Model library with furan
derivatives as positive
control

4001 41

Heat-induced
EDCCLs

Immobilized
protein Streptavidin 1 Model library with imino-

biotin as positive control 961 41

Y-EDCCL Immobilized
protein Carbonic anhydrase II 1

285 members in sub-library
A, and a positive control
CBS on sub-library B

286 42

First version of the
photo-crosslinking-
based DEDL

Unmodified, non-
immobilized
proteins

Streptavidin, carbonic
anhydrase II 1 Model library with desthio-

biotin as positive control 1025 43

Second version of
the photo-
crosslinking-based
DEDL

Unmodified, non-
immobilized
proteins

SIRT3, SAE1, UBC9, and
TRIM28 2 100 members in each sub-

library 10 000 44

Third version of the
photo-crosslinking-
based DEDL

Unmodified, non-
immobilized
proteins

Streptavidin 1 Model library with desthio-
biotin as positive control 10 001 136

Anchor-directed
DEDL

Unmodified, non-
immobilized
proteins

Carbonic anhydrase II,
BRD4 (BD1 and BD2),
AChE, and XIAP

2 or 3
260 � 260 for 2-BB library,
242 � 260 � 260 for 3-BB
library

67 600 and
17 576–one
million

45

PNA-based dynamic
combinatorial
libraries (PDCLs)

Immobilized
proteins Lectins (AFL and RSL) 2 150 members with 5 linkers

and 10 glycans 5000 46
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