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ABSTRACT: Polymers with sequence definition allow access to programmable morphologies 

and applications, but directly correlating polymer structure to function currently requires case-by-

case analysis: high throughput methods that identify promising species from entire chemical 

families are required. Here, we show that the discovery of effective protein target-recognition 

molecules can be achieved using DNA-encoded libraries of chemically diverse sequence-defined 

oligomers, generated on an automated DNA synthesizer. These structures are ALENOMERs – 

Aptamer-Like ENcoded OligoMERs – that are read and sequenced using a DNA code that 

branches from, and corresponds to, the target-binding oligomer. By incorporating nucleosidic and 

non-nucleosidic components into alenomers at specific locations, we unlock new supramolecular 

interactions for biomolecule binding, and directly correlate their effectiveness at each site. Our 

alenomer library screening removes the low throughput bottleneck of analyzing individual 

sequence-defined polymers, improving the binding efficacies of natural systems and enabling wide 

chemical spaces to be sampled for biomolecule sensing, therapy, and diagnostics. 

Sequence-defined polymers (SDPs) made of both natural and unnatural building blocks 

have the potential to program unique morphologies and functions into biopolymer derivatives.1, 2 

However, the emergence of applications that require SDPs is slowed by the need to analyse 

individual polymers one by one. Large combinatorial libraries help overcome this issue, as 

functional space can be screened in high-throughput experiments.3 Initially developed for small 

molecules,4-6 combinatorial libraries have been expanded to artificial oligocarbamates,7 peptoids,8 

and thiolactone precision polymers9 that have found applications as protein ligands,7, 10 

antimicrobial agents8 and drug solubilizers9. The selection and identification of a single member 
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of a SDP library is not trivial, however, and is complicated by the dearth of methods to sequence 

artificial SDPs.11 

An attractive strategy to facilitate the identification of effective SDPs from large libraries 

would be to assign a DNA barcode to each library member. Such DNA-encoded libraries (DELs) 

have already greatly facilitated high-throughput screening for small molecules, and they are now 

a mainstay in drug discovery.12 DELs encrypt each small molecule library member with a DNA 

code13 that can be amplified and sequenced from very small concentrations (<10-15 nM) using the 

polymerase chain reaction (PCR);14-18 DEL synthesis16 typically requires organic reactions that are 

orthogonal to DNA-ligation chemistry, and may not provide the high coupling yields necessary 

for making sequence-defined polymers. Solid-phase phosphoramidite synthesis, on the other hand, 

can afford high-purity DNA strands19 up to 200 nucleotides long, and is even used to produce 

FDA-approved oligonucleotide therapeutics.20 Our group21-23 and others24-29 have demonstrated 

the use of automated solid-phase phosphoramidite synthesis to generate artificial sequence-defined 

oligo(phosphodiester)s in high yields and with large chemical diversity. Solid-phase synthesis can 

thus in principle be used to both construct the SDP as well as its DNA barcode. This method would 

significantly expand the chemical space of DELs, enabling applications of sequence-defined 

polymers in protein binding, therapeutics, diagnostics, and enzyme-mimics.1 

We hypothesized that such a DEL would effectively select and identify new aptamer-like 

SDPs. Aptamers are nucleoside sequences that recognize and bind to target molecules and are 

largely limited to the natural nucleobase code. Introducing artificial SDP segments into aptamer 

constructs would improve their potential for high affinity binding by expanding the chemical space 

they can explore.30 Efforts to impart chemical diversity into nucleic acids aptamers – by 

introducing chemically modified DNA and RNA nucleobases, or adding single nucleotide 

modifications into aptamers post-selection, for example – have led to improvements in affinity and 

in vivo stability, thus expanding their applications in health and medicine.31-38 Almost all these 

methods require compatibility of the chemically modified nucleotides with polymerases or ligases, 

and therefore are relatively conservative in their diversity. A high-throughput strategy which 

incorporates non-nucleosidic modifications that are not necessarily recognized by enzymes is 

attractive, as it would significantly enlarge the structural and functional diversity of aptamers. 

Aptamer-Like DNA-ENcoded oligoMER (which we herein term Alenomer) libraries can thus 
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solve bottlenecks in both sequence-defined polymers and functional aptamer discovery, opening 

new potential for biomedical and materials applications.  

We developed DNA-encoded libraries of chemically diverse sequence-defined oligomers 

to achieve the high-throughput discovery of effective target-recognition compounds. The specific 

nature and position of each non-nucleosidic unit is encoded by a three-DNA base codon residing 

on the covalently linked DNA arm (Figure 1A). We used the split-and-pool strategy3, 39 to 

synthesize a nearly 300,000-member library of alenomers, specifically targeting G-quadruplex 

aptamer designs40. Libraries thus formed were subject to biomolecule selection, separation, and 

code amplification (Figure 1B). Our non-nucleosidic building blocks impart diverse molecular 

recognition interactions – hydrogen-bonding, π-π, electrostatic interactions and the hydrophobic 

effect – to aptamer designs, translating into improved binding properties. Alenomers identified 

from next-generation sequencing of the DNA code showed improvements in binding affinity and 

serum stability, underpinning our strategy as an effective method to identify new and useful SDP 

sequences for biomolecule binding. 
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Figure 1. General design of our alenomers, their incorporation into DNA libraries, and their selection 
and amplification to identify effective target-binding oligomers. (A) Our alenomers are composed of a 
sequence-defined polymer with non-nucleosidic modifications (the oligo) that correspond to and branch 
from a DNA code (the code). (B) Large libraries of alenomers can be screened to bind to a target of interest. 
The non-nucleosidic chemical identity of each alenomer can be amplified by polymerase chain reaction 
(PCR) of the corresponding DNA code, enabling identification of promising protein-binders from among 
ca. 300,000 library members. 
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Results and discussion 

Orthogonal synthesis of a branched DNA construct 

The general design of our DNA-encoded non-nucleosidic oligomers relies on each 

monomer of the polymer backbone corresponding to a unique DNA code. Following PCR and 

sequencing, the amplified DNA code can then be correlated to a functional oligomer sequence, 

which reports on important modifications for activity or function. Our system is comprised of 

five main components to realise this goal: 1) A reverse primer region; 2) A branching junction 

point from which: 3) The functional oligomer sequence and 4) DNA codon sequence diverge; 

and 5) A forward primer region terminating the DNA code (Figure 1A). 

The success of our strategy relies on the functional oligomer and the DNA code segments 

growing independently from a branched nucleotide junction, necessitating different and 

orthogonal protecting groups for solid-state synthesis; phosphoramidites with levulinyl (Lev) 

moieties41, 42 were used to grow the DNA code, while phosphoramidites for the aptamer region 

were protected with dimethoxytrityl (DMT) moieties. These two functional groups are orthogonal 

(DMT is acid labile, Lev groups are cleaved with hydrazine), resistant to all reagents used in a 

commercial DNA synthesizer and are quickly and quantitatively removed. For the branch point, 

we used a deoxyuridine monomer modified with an acrylamido side chain at the C5 position (BU), 

which was synthesised in moderate yield from commercial starting materials in five steps (Scheme 

S1). This modification was selected to allow efficient DNA hybridization and can be recognised 

by some polymerases efficiently.35, 43 Our system can be grown on a solid support using a 

commercial DNA synthesizer (Figure 2), using iterative steps of monomer growth followed by the 

corresponding synthesis of the code. 
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Figure 2. Synthesis of alenomers using a commercial DNA synthesizer. Our orthogonal branching 
strategy enables each monomer of the oligo to have a corresponding DNA code, which are added iteratively 
until the desired oligomer length and sequence is reached. Having optimized the position of the branch, the 
initial 12 nucleotides of the reverse primer region are added,44 followed by the branching unit (step A) and 
the remaining four nucleotides of the reverse primer (step B). After deprotection of the DMT on the 
branching unit, a DMT-protected monomer is connected (step C). The Lev moiety on the branching unit is 
then cleaved and the corresponding DNA code segment added (step D). This process of DMT deprotection, 
oligomer monomer addition, Lev deprotection and DNA code addition is performed iteratively (steps E-
G). Following full growth of the desired branched strand, the forward primer sequence of 11 nucleotides 
was added (step H) to enable downstream amplification and sequencing. The terminal orthogonal protecting 
groups were removed and the alenomers were cleaved from the solid support and deprotection under basic 
conditions (step I). Colours match each monomer of the synthetic oligomer to the orthogonally-synthesized 
DNA code. 
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Inclusion of synthetic monomers 

The use of the DNA code, which can be amplified and sequenced, enables the introduction 

of non-nucleosidic modifications into the sequence-defined oligomer. We thus developed a panel 

of nine synthetic non-nucleosidic phosphoramidites based on three synthetic platforms: directly 

from diols, using CuI click chemistry, or from amides (Figure 3 and Scheme S2).21 

Our aim in selecting specific functionalities was to merge the chemical diversity and 

function of all the major classes of biomolecules: monomers relevant to proteins (Phe, His, Trp), 

lipids (C12, Bal), carbohydrates (Sug), the common DNA monomers, as well as synthetic 

monomers = (Ant) and handles to add post-synthetic functionality (Alk). These modifications 

(Figure 3) present diverse intermolecular interactions – π-interactions, polar and hydrogen-

bonding interactions, and the hydrophobic effect – that are absent, weaker, or simply different 

from purely-nucleoside structures. We confirmed the high yielding incorporation of the nine 

unnatural monomers (Alk, Ant, Bal, C12, His, Phe, Nap, Sug, Trp) at internal positions of a 

DNA strand and their compatibility with hydrazine (Figure S9).  

We integrated our unnatural monomers, each encoded by a three-nucleotide DNA codon, 

into our branched DNA oligomer synthesis. Our SDPs were inspired by the G-quadruplex scaffold 

of the aptamer oligomer that binds to alpha thrombin,45 due to its biological relevance and its well-

characterized interaction with aptamers.46 The G-quadruplex is a recurring motif in many aptamers 

and provides an ordered and thermodynamically stable scaffold.40 Three model alenomers (TBA1-

3) with varying numbers of modifications were synthesized and purified to confirm the utility and 

scalability of our platform (Table S1, Figures S8 and S22). To ensure that our branched design did 

not impede oligomer binding, the SDP structure of TBA1 (a branched oligomer with the TBA 

aptamer attached to a DNA code, Table S1) was designed to mimic the natural DNA-only 

thrombin binding aptamer. We compared the function of the original thrombin binding aptamer 

(TBA) with TBA1. No significant impact on binding affinity to the target thrombin was observed 

by fluorescence anisotropy studies (Kd(TBA) = 11 ± 8 nM; Kd(TBA1) = 13 ± 10 nM, (Table S6). These 

results suggest that the DNA codes does not significantly inhibit binding, and that our alenomers 

are appropriate platforms from which oligomer libraries can be constructed. 
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Figure 3. Design of alenomers modelled after the G-quadruplex, made of a combination of natural 
and synthetic monomers. Monomer names, structures and codons are shown in the bottom. The 
oligomer design is composed of the synthetic functional oligomer coupled to a DNA-based code through 
a branching unit. Primers (shown as grey ribbons) were included to enable enzymatic amplification (PCR) 
of the DNA code. A 3′ linker of 9 thymidine units separates the DNA-encoded oligomer from the solid 
support and is followed by the first 12 bases of the reverse primer, the branching unit, and then the 
remaining 4 bases of the reverse primer. Extending from the branching unit, the functional branch of the 
oligomer is 4 (linker) + 7 (unnatural monomers) + 9 (unmodified positions) = 20 monomers in length, 
while the DNA code is 4 (end of reverse primer region) + 21 (7x3 nucleotides coding for the unnatural 
monomers) = 25 nucleotides long. The monomers used in this work include synthetic amino-acid like 
monomers (green), hydrophobic residues (blue), carbohydrate bearing units (yellow), a clickable-alkyne 
monomer (purple) as well as the four natural DNA nucleobases (orange).  
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Synthesis of the alenomer library 

A diverse library was synthesized so that the utility of the branched DNA approach could 

be evaluated for high-throughput functional screening and compatibility with next-generation 

sequencing. To maintain the secondary structure of the G-quadruplex scaffold, seven positions 

within the loop regions were modified with either nucleotides or unnatural monomers (6 different 

modifications). We applied a split-and-pool strategy39, 44 to make an alenomer library (LIB) 

(Figure 4). When reaching position n of the sequence, the solid support was split into 6 aliquots. 

An unnatural monomer or nucleotide was added, followed by the attachment of the associated 

codon on the code branch. The solid supports were then pooled and mixed and split again for the 

next coupling. Addition of the G bases required to maintain the quadruplex backbone was executed 

without split and pool and thus also did not require DNA codon synthesis. 

 

Figure 4. Split and pool strategy for the synthesis of an alenomer library. We show an example with 
2 different monomers at each step for clarity. In this study, we couple 6 different monomers at each step 
yielding 6n compounds. 

Libraries synthesized in this manner should be composed of 67 = 279,936 library members. 

We observed the presence of a relatively diffuse band in denaturing PAGE, at similar mobilities 

to the previously synthesized model alenomers (Figure S8), suggesting reasonable homogeneity 

in sequence length and size between all library components. Yields of synthesis of ~11% were 

obtained (by gel image analysis). We isolated 2.5 nmols of the library using about 1/6th of the 

crude product obtained.  
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Developing a high-throughput screening method for SDPs 

Functional nucleic acid polymers such as ribozymes, DNAzymes, and aptamers developed 

through synthetic protocols such as the Systematic Evolution of Ligands by Exponential 

enrichment (SELEX) require 10-15 rounds of selection and amplification.46 As such, these 

protocols typically make use of nucleoside analogues that are compatible with enzymes for 

amplification or ligation. Our highly diverse alenomer library thus presents a first opportunity to 

screen for new functional oligomers containing a multitude of non-nucleosidic modifications. 

Once the barcode design was validated by sequencing results (Table S10), the 

combinatorial library of alenomers was screened for high affinity binding to thrombin immobilized 

to a solid-support matrix. In a single round, alenomer candidates were collected using sequentially 

stronger elution steps ranging from gentle washes with buffer, to competition with DNA-based 

thrombin aptamers, to rigorous elution with high concentrations of the thrombin target itself 

(Figure 5). Due to the DNA barcode, the chemical diversity and identity of the oligomers collected 

in each fraction could be sequenced using next-generation sequencing. While typical selection 

experiments of new functional nucleic acids require many rounds and thus several months to 

identify potential binding candidates, this method could be performed in a single day. We repeated 

the same experiment an additional two times to confirm reproducibility; one of the experiments 

was performed with a fluorescently tagged library to monitor the fraction collection process 

(Figure S12). 
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Figure 5. Stepwise screening principle of DNA-encoded oligomer libraries. The strategy is inspired by 
Brenner and Lerner13 who initially proposed the synthesis of DNA-encoded peptides on beads. The library 
is first subjected to negative and counter screens to remove candidates that non-specifically interact with 
the solid-support matrix or generic protein targets. Next, the library of oligomers is incubated with the target 
of interest and non-functional oligomers are removed with several washing steps. Functional oligomers are 
recovered in a stepwise fashion with increasingly stringent elution fractions. The DNA codes from each 
fraction from the screen are amplified and sequenced, revealing the chemical identity of functional 
sequences from the stepwise screen.  

Sequencing results from each fraction confirmed that the rapid screening process enabled 

a 2000-7000-fold enrichment of the best oligomers in the library (see Table S11). Interestingly, 

the unmodified original thrombin aptamer (TBA) emerged as one of these enriched top candidates, 

confirming the validity of this approach. Two new alenomers, AlenA and AlenB, were identified 

in the top five most abundant sequences within each experiment and each competitive elution 

fraction. A list of the top 20 sequences for each experiment is available in a separate supplementary 

file. Figure 6A describes the identity of the monomers (nucleosidic or non-nucleosidic) within the 

full oligomer. Importantly, sequencing results from repeated experiments were similar – where the 

most abundant sequences were again identified with similar frequency. 
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Figure 6. Alenomers identified by our high-throughput screen have improved binding and stability 
properties. (A) The sequence name, composition, and serum stability of the three most popular alenomers 
identified in our screen along with comparison model TBA aptamer. Sequences are described 5′ to 3′. Each 
position of the library that was identified via the DNA code is indicated in grey (1 through 7). The 
modifications are colour-coded according to Figure 3, with non-nucleosidic modifications shown and G 
and T representing typical DNA nucleobases. (B) SPR sensorgrams of increasing concentrations of the 
thrombin binding DNA aptamer (TBA) interacting with thrombin immobilized to a gold chip. (C) SPR 
sensorgrams of increasing concentrations of the alenomer AlenB interacting with thrombin immobilized to 
a gold chip. The double-referenced sensorgrams were fit to a 1:1 kinetic binding model.  (D) Binding 
isotherms of alenomers AlenA and AlenB interacting with thrombin obtained using fluorescence 
anisotropy. A scrambled DNA sequence is included as a negative control (n = 3).  (E) An examplary 
alenomer library member interacting with thrombin. 

 

High-content analysis of the oligomer modification landscape  

Conventional aptamers or other SDPs can be synthesized with numerous modifications 

including lipids to enable cell uptake, fluorescent tags for biosensing, and reactive functional 

groups for bioconjugation; however, with no prior information about their structure, most 

modifications abolish their binding function.47 We therefore hypothesized that the high-content 

sequencing information afforded by our DNA-encoded oligomer library would be a useful 

approach to explore the sequence-activity relationship (SAR) landscape of these molecules. To 

this end, the thrombin aptamer is a useful proof-of-concept, given that it is one of the few aptamers 

with available crystal structures. As such, we were able to compare the frequency of different 

modifications tolerated in each position of the G-quadruplex scaffold to the known structural 

interactions with the thrombin target.  
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The DNA sequencing analysis indicates that the two Ts at position 2 and 6 are found at 

high frequency in the final screened library (more than 50% of all sequences, black in Figure S24), 

suggesting that modifying these positions may negatively impact function. Indeed, the crystal 

structure (PDB ID: 1hao) confirms the need for these two Ts to form polar interactions with the 

amino acid residues of exosite I of thrombin.48 In contrast, the DNA sequencing results indicate 

that the scaffold tolerates all six modifications nearly equally in positions 1, 4, and 5 – all locations 

where the G-quadruplex does not directly interact with thrombin49-51 (Figure S24). Functional 

binding assays of synthesized alenomers containing modifications at these positions displayed high 

affinity binding to thrombin, with Kds in the nanomolar range (Table S6), further confirming the 

functional utility of the sequencing-based SAR analysis. Surprisingly, positions 3 and 7 also 

tolerated several diverse new modifications, despite known importance of these positions in 

forming hydrophobic interactions with thrombin.48 Previous post-SELEX SAR analyses show that 

altering these positions reduces binding;49 however, the majority of the tolerated modifications 

identified in our screen include hydrophobic moieties such as Nap, Phe, and Trp at position 3 and 

Trp and C12 at position 7 (Figure S24). That these positions can be effectively replaced with 

diverse unnatural, hydrophobic nucleoside monomers with maintenance of binding opens the 

space of aptamer exploration to bespoke SDPs with potentially ameliorated function45.  

Our non-nucleosidic library, coupled to the detailed analysis of the modification landscape 

described herein, provides important insight into the chemical nature of novel oligomer binding 

interactions. We hypothesize that this technology will enable the exploration of unique alenomer-

target interactions without the need for crystal structures or time-consuming individual post-

modification studies.  

 

Alenomers display enhanced binding  

To determine the utility of the alenomer library to identify novel oligomers, the most 

popular candidates from the next generation sequencing, AlenA and AlenB, were synthesized 

without the branching unit, primers, or DNA barcodes for further analysis. Using multiple binding 

assays,52 we confirmed that both novel alenomers bound to thrombin with high affinity (Kds in the 

low nanomolar range: Figures 6, S13-18). AlenB displayed a 3-fold higher affinity to thrombin 

compared to the original thrombin aptamer (Tables S5-S7). The kinetics assessment of aptamer 
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binding using surface plasmon resonance (SPR) indicated that the increase in affinity of the highly-

chemically modified AlenB was due to a 10 times longer off rate (kd), with only a modestly longer 

on rate (ka) (Figure 6). Slow off-rates are desirable for developing aptamers for specific biosensing 

applications.32 Importantly, model alenomer constructs that we rationally designed without library 

selection displayed poor binding to thrombin (Table S6, Figure S18), highlighting that the DNA-

encoded library developed in this work provides a much needed high-throughput screening 

platform to rapidly identify high affinity functional oligomers with non-nucleosidic modifications.  

 

Alenomers display enhanced nuclease stability  

We observed that some of our alenomers had enhanced nuclease stability, as compared to 

TBA. AlenA showed a similar short half-life in serum (<0.3 h, Figure S19) as the original aptamer 

(which shows degradation within 108 seconds in vivo53), whereas AlenB resulted in more than 10-

fold improved stability (half-life > 5 h). To investigate which non-nucleosidic modifications were 

responsible for this increased stability, several new constructs containing the individual 

modification were synthesized and tested, revealing that the presence of the 3′Nap modification 

protected the oligomer from degradation (half-life = 4.5 h). Most post-SELEX modifications are 

generally aimed at increasing binding affinity45, 48, 49, 54 or improving nuclease resistance55-62 – 

here, we achieved both with a single library screen.  

 

Conclusions 

We developed a synthetic method to generate DNA-encoded, unnatural, sequence-defined 

oligomers by solid-phase synthesis. These libraries contain 300,000 members of G-quadruplex 

oligomers, each with up to seven unnatural modifications, enabling the high-throughput 

identification of novel thrombin-binding alenomers with improved binding affinity and serum 

stability. By correlating each non-nucleosidic monomer with its unique DNA code, the efficacy of 

site-specific modifications could be individually assessed. The use of non-nucleosidic 

modifications in aptamers is unprecedented, holding great promise for the discovery and 

optimisation of synthetic target-recognition SDPs.  
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Our solid-state method of DNA-encoded library synthetic represents a new strategy in forming 

DELs, which are often synthesized through enzymatic ligation17, 63 Our synthetic route offers 

opportunities to broaden the chemical space explored by DEL, since it is carried out in non-

aqueous solvents and under an inert atmosphere. While this work leveraged numerous monomers 

developed in previous work,21 future libraries could make use of additional phosphoramidites from 

the plethora that are commercially available or readily synthesized. Importantly, solid-phase 

synthesis allows the use of other non-DNA compatible organic coupling reactions, in contrast to 

traditional DEL.  

This study also highlights the potential for combinatorial strategies to identify target-binding 

sequences with unnatural sequence-defined oligomers. We leveraged next-generation sequencing 

to profile the sequence landscape of multiple stepwise library elutions, revealing structure-activity 

relationships of functional oligomers. We showed the potential of DEL of sequence-defined 

oligo(phosphodiester)s in the context of potential ligand discovery. However, due to the flexibility 

of this method the DNA-encoded oligomer library strategy can be extended to other applications, 

such as the discovery of ribozyme or DNAzyme catalysts. New monomers may also allow the 

exploration of new reactions that expand the scope and efficiency of DNA-inspired catalysts and 

binding units. 
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