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Abstract

Rapid discovery of high-affinity aptamers is often
hindered by low enrichment and high sequence
diversity in early SELEX rounds, leading to pro-
longed experimental cycles. To overcome this
challenges, we present a ligand- and structure-
aware refinement framework designed to enhance
the quality of aptamer candidates. Our approach
leverages TxGemma, a generative model condi-
tioned on the ligand’s (small molecule target)
molecular descriptors and the aptamer’s predicted
secondary structure. TxGemma selectively ed-
its hairpin loops and stems of early-round candi-
dates to enhance the chance of molecular inter-
actions with the small molecule ligand. Using
Theophylline as a test case, we show that can-
didate sequences from early round (Round 10),
when modified, align closely with the enriched
sequences in later SELEX rounds (Round 16–20).
This demonstrates the model’s ability to emulate
evolutionary convergence and accelerate aptamer
discovery with reduced experimental effort. This
work provides a robust platform for in-depth ex-
ploration and generation of high-affinity aptamers,
potentially eliminating the need for further SE-
LEX rounds, and accelerate aptamer discovery
with reduced experimental effort.

1. Introduction
Aptamers are short, single-stranded DNA or RNA sequences
capable of binding diverse molecular targets- including
small molecules, peptides, proteins, and whole cells with
high specificity and affinity. Their structural flexibility, low
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immunogenicity, thermal stability, and ease of chemical
synthesis have positioned them as promising alternatives
to antibodies for a broad range of applications, including
therapeutics, diagnostics, and biosensing platforms (Zhang
et al., 2019; Keefe et al., 2010).

The primary method for aptamer discovery remains Sys-
tematic Evolution of Ligands by EXponential enrichment
(SELEX). SELEX is an iterative process involving incuba-
tion of candidate DNA sequences with the target, partition-
ing of bound from unbound sequences, and amplification
of the bound sequences, until the populaion of high affin-
ity aptamers enriches(Tuerk & Gold, 1990; Ellington &
Szostak, 1990a). While SELEX has yielded numerous func-
tional DNA aptamers, it is inherently labor-intensive, time-
consuming, and poorly scalable. A typical experiment may
require 8–20 rounds of selection to achieve sufficient enrich-
ment of aptamer sequences, with performance often sensi-
tive to PCR bias, nonspecific amplification, and target com-
plexity. Moreover, SELEX provides little insight into the
biochemical mechanisms underlying aptamer-target binding
and offers limited control over sequence–structure–function
relationships.

2. Research Gap
In recent years, a variety of computational methods have
been developed to accelerate aptamer discovery, includ-
ing motif identification from enriched SELEX pools (Hoon
et al., 2011), machine learning models for affinity predic-
tion (Chen et al., 2022), and inverse folding algorithms
that generate sequences compatible with target secondary
structures (Reuter & Mathews, 2010). Although these ap-
proaches have shown success, they typically rely on data
from late-stage SELEX rounds, where aptamer pools are al-
ready highly enriched. This narrow focus overlooks the vast
and diverse sequence space in early-round SELEX libraries,
where many promising binders remain weakly enriched and
structurally heterogeneous. The low signal-to-noise ratio
in these early datasets presents a significant challenge for
conventional models, which often fail to generalize in such
noisy regimes (Gioacchino et al., 18).

A critical challenge lies in identifying high-affinity binders
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during early selection, which leads to prolonged experimen-
tal cycles and missed opportunities to exploit potentially
functional candidates. Existing computational approaches
often rely solely on sequence-level features and remain ag-
nostic to the molecular properties of the target, making
them poorly suited for guiding early-stage selection or en-
abling cross-target design (Wang et al., 2024; Gioacchino
et al., 18; Bashir et al., 2021). Therefore, a computational
framework that can integrate the existing knowledge about
aptamer design, early-round SELEX sequence data, and
target molecule properties can greatly advance this field by
guiding aptamer optimization from early SELEX data.

To address this challenge, we introduce a ligand- and
structure-aware generative framework that directly refines
early-round aptamer sequences using the exisiting knowl-
edge about various molecular interactions known of DNA
aptamers with small molecule ligands, ligand properties,
and aptamer secondary strcutures. Central to this framework
is TxGemma (Wang et al., 2025), a generative model that
attempts to overcome key limitations of SELEX by propos-
ing high-affinity candidate aptamer sequences. By suggest-
ing modifications based on secondary-structure features,
TxGemma attempts to eliminates the need for late-round
SELEX experimentation. This molecular-driven approach
provides a basic framework that can serve as a platform
which in future can accelerates aptamer discovery and offer
a scalable, generalizable alternative to traditional sequence-
based models. Future work may include improvization of
model generalization, expansion of the molecular diversity
of training data, and refinement of sequence optimization
strategies.

3. The Proposed Approach
In this work, we propose a ligand- and structure-aware
framework for aptamer sequence refinement using the
TxGemma model. TxGemma operates on early-round SE-
LEX candidate sequences which are often weakly enriched
and structurally diverse. It suggests modifications in the
DNA sequence of of the early-round DNA sequence in order
to increase their probability of being a high-affinity aptamer.
The model also provides a rationale for the modifications
it has suggested. These rationales are inspired by the exist-
ing knowledge regarding a few known aptamer-ligand pairs,
generally observed sequence design and secondary struc-
ture characteristics of known aptamers, generally observed
molecular interactions between known aptamers and their
ligands, and small molecule ligand chemical structures.

TxGemma incorporates functional group information of the
ligand (deciphered from the SMILES codes of the ligand)
alongside the predicted secondary structure of the sequence,
represented in dot-bracket notation. This structural rep-
resentation highlights regions such as hairpin loops and

stems that are typically involved in target recognition by
the aptamers. To navigate the sequence optimization pro-
cess, the model employs a few-shot learning approach, us-
ing examples of known sequence–ligand pairs to identify
effective design patterns. In addition, the model applies
explicit chain-of-thought reasoning to justify each proposed
sequence modification, ensuring that a precise, stepwise
analysis of sequence features and structure supports every
design decision. By combining functional group informa-
tion, secondary structure modeling, and reasoning-based
learning, the model attempts to enable the rational design
of sequences that are both structurally informed and gener-
alizable, moving beyond traditional sequence-based design
methods.

By operating directly on early-round sequences and condi-
tioning on chemically relevant information, the proposed
approach attempts to minimize the need for multiple rounds
of SELEX enrichment, thereby intending to reduce time and
experimental overhead. Its structure-aware design allows
for targeted optimization based on molecular properties and
secondary structure, improving the likelihood of identifying
high-affinity binders. This framework offers a platform to
build a more scalable, systematic, and biochemically guided
strategy for next-generation aptamer discovery as compared
to conventional models which depend on late-stage data and
sequence-only features.

4. Simulation
To systematically guide optimization of DNA sequences for
enhanced small-molecule binding, we employed a structured
large language model (LLM) prompt designed to simulate
expert-level reasoning in aptamer design. The prompt in-
structed the model to analyze a given DNA sequence and
propose targeted sequence modifications aimed at improv-
ing binding affinity toward the specified ligand. It provided
essential background on sequence structural features, in-
cluding sequence motifs, secondary structure, loop and stem
characteristics, and ligand-related properties such as molec-
ular structure in the form of SMILES notation and related
chemical attributes.

The prompt also explicitly outlined the molecular interac-
tions known to influence aptamer–ligand binding, including:

• π–π stacking: Interactions between aromatic nucle-
obases (adenine, guanine) and ligand aromatic or pla-
nar regions (Meyer et al., 2003).

• Hydrogen bonding: Interactions involving hydrogen
bond donors and acceptors from nucleobases and lig-
and functional groups, such as hydroxyl, amine, car-
bonyl, or heterocyclic groups (Anslyn & Dougherty,
2005; Alberts et al., 2015).
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• Electrostatic complementarity: Interactions between
the negatively charged DNA backbone and positively
charged ligand groups, including amines and metal
cations (Dougherty, 1997).

• Hydrophobic interactions: Nonpolar contacts between
nucleobase rings or methyl groups and hydrophobic
regions of the ligand, such as alkyl chains or nonpolar
aromatic moieties (Pratt, 2002).

• Intercalation and base-stacking insertion: Insertion
of flat ligand molecules between DNA base pairs, sta-
bilized by stacking and van der Waals forces (Zhou,
2014).

In addition, the prompt incorporated general principles from
the aptamer design literature to guide sequence optimization,
including:

• Hairpin loops are key regions for ligand-binding inter-
actions (Luo et al., 2019; Jeddi & Saiz, 2017)

• Hairpin loop lengths of approximately 6–12 nu-
cleotides provide structural flexibility and facilitate
target recognition (Jeddi & Saiz, 2017).

• Hairpin stems of approximately 3–6 base pairs offer a
balance between stability and conformational flexibil-
ity for effective ligand binding (Jeddi & Saiz, 2017).

• GC-rich stems increase structural stability but may
limit flexibility (Matsunaga et al., 2016).

• AT-rich stems enhance structural flexibility, potentially
improving ligand accessibility (Jeddi & Saiz, 2017;
Matsunaga et al., 2016).

• Typical aptamer scaffolds are approximately 30–50
nucleotides in length, supporting stable yet adaptable
folding for target interaction (Ramachandran & Slack,
2013; Keefe et al., 2013; Ellington & Szostak, 1990b).

Together, these interaction types and design principles pro-
vided the structural and chemical context for guiding se-
quence optimization within the prompt.

The task required the model to propose a defined number
of optimal sequence modifications and to generate corre-
sponding modified sequences. Each modification was to be
accompanied by a rationale explaining how the change was
expected to enhance sequence–ligand interactions, drawing
on known principles of nucleic acid folding and molecular
recognition. Additionally, the prompt incorporated example
cases of known aptamer–ligand interactions to provide con-
textual guidance, following a few-shot learning setup, and
explicitly encouraged stepwise, chain-of-thought reasoning
to guide the model’s design process. Through its design,

the prompt fostered a logical and methodical approach in
the model’s outputs, supporting the targeted optimization of
sequence variants for improved binding.

In this study, we use the small molecule Theophylline (Tobia
et al., 2023). The corresponding experimental results are
discussed in Section 5.

5. Results
Hairpin Loop length and composition: It is well known
that in DNA aptamers, the hairpin loops are most significant
for ligand-binding interactions. Aptamer hairpin loops are
central to recognizing small molecules, because their 6–12
nucleotide length achieves an ideal balance: enough flexibil-
ity to fold and adapt around the target, yet structured enough
to form a defined binding pocket. Beyond loop length, the
specific nucleobase makeup drives precise interactions with
the target. For e.g. Adenine and guanine residues provide
extensive pi-surfaces for stacking with aromatic parts of the
ligand, plus multiple N–H and carbonyl sites for hydrogen
bonding and electrostatic complementarity. Our model,
TxGemma, has successfully integrated these biochemical
insights. Given information from theophylline’s SMILES
descriptor, TxGemma identifies the design principles
underlying naturally evolved aptamers. By proposing
edits that fine-tune both size and composition of loops
and stems, TxGemma generates sequences that are more
likely to fold into effective binding pockets and interact
specifically with the small-molecule target. Some results
for early-round theophylline SELEX sequences are shown
below: 1) For early-round theophylline SELEX sequences
5’AAATGCAATGTCCTGAGAATTCTGAAGGCT 3’
and 5’GAAGAGCATTATGCCGAGATTTAGCGAAAA
3’ with loop shown in red, our model recognizes that the
loop is too short and will decrease structural flexibility and
well as reduce functional group diversity for target binding.
The model suggests to ’increase hairpin loop size to 7
bases’ and ’extend the loop by inserting several additional
bases’ respectively. It rationales these modifications saying
’The extended loop provides more space for interactions
with theophylline, and adopt favorable conformations,
potentially enhancing binding affinity’. 2) For sequences
5’CATGAGGTATGAAGTCTTCGTAAGAGTTTG 3’
(loop G-C content 0.25) and 5’AAAGTGCAACGTTC-
GAGCAATTCTCGACTT 3’ (loop purine fraction 0.4),
our model suggests substitution/insertion modifications
such as ’increase the G-C content of the hairpin loop’
and ’incorporate purine residues within the loop’ or
’substitute a Thymine with Guanine’ respectively. It
rationales the modifications by suggesting ’it enhances
hydrogen bonding and pi-pi stacking interactions with the
purine-based aromatic theophylline’ and ’added purine base
can participate in pi-pi stacking interactions with aromatic
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system of theophylline, increasing binding stability’.

Hairpin Stem length and composition: In DNA aptamers,
the stem region provides structural integrity and defines the
orientation of the loop for effective target interaction. It has
been frequently observed that the Optimal stem length for
small-molecule aptamers typically falls between 4–8 base
pairs. Stems shorter than 4bp may be too unstable to support
loop structure, while stems longer than 8 bp can be overly
rigid, preventing needed conformational changes upon lig-
and binding. The base composition of the stem is equally
critical. A moderate GC content (0.4 - 0.6) balances duplex
stability with dynamic flexibility. Too many GC pairs can
overly stabilize the stem, locking the loop into unproductive
conformations. Conversely, low GC content can undermine
the structural scaffold altogether. By regulating both length
and GC content, stems become robust frameworks that both
present the loop in the correct spatial context and allow nec-
essary local flexibility when a small molecule binds. Our
model, TxGemma, incorporates these biochemical princi-
ples, suggesting adjustments to stem pairing strength and
composition to optimize aptamer folding and loop access
in early rounds. Some results for early-round theophylline
SELEX sequences are shown below: 1) Here is a sequence
5’CAAAGGTGTCCAGTACGTATCAGGTCTATG 3’ with
only 3 base-pairs interspersed with bulges and secondary
structure: ’...........((..(......)..))...’ (the dots denote unpaired
bases while the brackets denote base-pairs). Our model
recognized that the due to the presence of interspered base-
pairs, the stem is unstable and suggested modifications such
as ’introduce a GC base pair in the hairpin stem to increase
structural stability’ and gave the rationale as ’Increasing
structural stability through GC base pairing can create a
stronger scaffold for the aptamer, potentially enhancing
its binding affinity to Theophylline’. Note that the model
suggests the addition of a G-C base pair and not an A-T
base pair, indicating that it understands that due to 3 hydro-
gen bonds and stronger stacking, a GC base pair enhances
the stem stability. 2) In the sequence 5’AGGAGCGGT-
CAACGTTTCAGTTGTCTTCTG 3’ there are 6 contiguous
base-pairs with secondary structure:’.((((((.....))))))............’.
Here, our model suggests to ’Shorten the stem by one base
pair’ based on the understanding that 6 consecutive base
pairs form a highly stable but possibly over-rigid structure
and a delicate balance between rigidity and flexibility is
key for aptamer functionality. It rationales the suggested
modification as follows: ’reducing stem length increases
loop flexibility, potentially allowing for more dynamic inter-
actions with the target’.

Together, TxGemma’s suggested loop and stem edits at-
tempt to create finely balanced hairpin scaffolds that are
conformation-wise and interaction-wise optimized and for
high-affinity theophylline binding.

6. Conclusion
In this work, we present a structure- and ligand-aware frame-
work for aptamer sequence refinement that bridges early-
round SELEX data with biochemical features of the target
molecule. Our approach attempts to enable rational, context-
driven sequence optimization by integrating detailed molec-
ular descriptors e.g. ligand functional groups, ligand aro-
maticity, aptamer secondary structures, etc. Three layers
of contextual information guide the generation strategy: 1)
a functional group summary of the ligand and secondary
structure characteristics of the DNA sequence to me modi-
fied, 2) molecular interactions generally observed between
knwon aptamer-ligand pairs, as well as 3) generally ob-
served known aptamer sequence features. This allows the
model to suggest precise base-level modifications, partic-
ularly in hairpin loop and hairpin stem regions. Overall,
this work contributes a scalable and chemically informed
strategy for aptamer design that may reduce dependence on
labour-intensive SELEX cycles. In future work, we aim to
extend this framework to support cross-target generaliza-
tion and integrate 3D structure prediction or docking-based
feedback to refine sequence selection.

Impact Statement
This work contributes to advancing machine learning ap-
plications in aptamer discovery, with potential impact on
diagnostics, biosensing, and targeted therapeutics. By en-
abling data-efficient refinement of early-stage aptamers, our
approach may reduce experimental costs and accelerate
the development of molecular tools for healthcare and re-
search. While we do not foresee direct negative impacts, we
acknowledge that misuse or over-reliance without experi-
mental validation could lead to unintended consequences, as
with all generative models in biomedical applications. We
encourage responsible use in conjunction with experimental
oversight.
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