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Abstract 

This thesis examines recent advances in selecting and functionalizing RNA aptamers for molecular 

sensing applications. Two related studies have been carried out: developing a robotic platform for 

automated RNA aptamer selection targeting small molecules and creating a modular approach to design 

fluorogenic RNA sensors. Together, these studies offer a framework that combines standardized aptamer 

discovery with adaptable sensor design. 

The systematic evolution of ligands by exponential enrichment (SELEX) was adapted to a robotic 

platform, minimizing manual intervention and enhancing reproducibility. Traditional SELEX often 

involves immobilizing small-molecule targets, which can alter ligand properties. To address this, 

capture-SELEX was used, in which RNA libraries are immobilized via hybridization to capture-

oligodeoxynucleotides (ODNs), and unmodified ligands in solution facilitate the recovery of bound 

sequences. By optimizing the robotic system, a preferential immobilization strategy for the library was 

systematically investigated, resulting in more substantial enrichment of binding sequences. The platform 

completes up to twelve selection cycles in 72 hours and has successfully enriched aptamers for several 

small molecules, including neomycin B, theophylline, and riboflavin. Interaction analysis using 

fluorescence polarization and isothermal titration calorimetry confirmed specific binding properties of 

enriched aptamers, with affinities in the micromolar range. Although the current capture-SELEX 

protocol used on the robotic system has limitations in the affinity of the enriched aptamers compared to 

immobilization-based selections, it offers a standardized, high-throughput method for the rapid 

assessment of the utility of aptamers for small molecules. 

In the second part of this work, the capture-SELEX strategy was extended to enable the selection of 

modular allosteric RNA sensors. RNA libraries were designed to couple ligand-binding aptamers to 

fluorogenic RNA scaffolds, enabling molecular recognition to be directly translated into fluorescence 

output. Using this library in capture-SELEX, aptamers that bind thiamine pyrophosphate (TPP) were 

identified. These aptamers were then fused to Broccoli and its red-shifted variant, Red Broccoli, to 

develop ligand-responsive sensors. By optimizing the linker and spacer regions, the signal-to-

background ratio was improved. The selected sensors demonstrated specificity for TPP and thiamine 

monophosphate, with minimal response to thiamine or unrelated nucleotides. The modular design 

facilitated the easy swapping of fluorogenic domains and the adjustment of sensor properties, 

demonstrating its effectiveness for rapid and efficient development of RNA-based sensors. 

Overall, this thesis establishes a scalable framework for RNA aptamer discovery and deployment. By 

integrating automated selection with modular sensor engineering, the presented approach provides a 

generalizable strategy for developing RNA-based sensing systems applicable to biosensing, synthetic 

biology, and molecular diagnostics.
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Zusammenfassung 

Diese Dissertation untersucht aktuelle Fortschritte bei der Selektion und Funktionalisierung von RNA-

Aptameren für molekulare Sensoranwendungen. Hierzu wurden zwei komplementäre Studien 

durchgeführt: die Entwicklung einer robotischen Plattform zur automatisierten RNA-Aptamer-Selektion 

gegen kleine Moleküle sowie die Etablierung eines modularen Ansatzes zur Konstruktion fluorogener 

RNA-Sensoren. Zusammen bilden diese Arbeiten einen integrierten Rahmen, der standardisierte 

Aptamerentdeckung mit flexibler Sensorgestaltung verbindet. 

Die systematische Evolution von Liganden mittels exponentieller Anreicherung (SELEX) wurde auf 

eine robotische Plattform übertragen, wodurch manuelle Eingriffe reduziert und die Reproduzierbarkeit 

erhöht wurden. Da die Immobilisierung kleiner Moleküle deren Eigenschaften beeinflussen kann, wurde 

Capture-SELEX eingesetzt, bei dem RNA-Bibliotheken über Hybridisierung an Oligodesoxynukleotide 

immobilisiert werden, während unveränderte Liganden in Lösung die Selektion ermöglichen. Durch die 

systematische Optimierung der Bibliotheksimmobilisierung konnte eine verbesserte Anreicherung 

anbindenden Sequenzen erzielt werden. Die Plattform ermöglicht bis zu zwölf Selektionszyklen 

innerhalb von 72 Stunden und führt zur erfolgreichen Anreicherung von Aptamern gegen mehrere kleine 

Moleküle, darunter Neomycin B, Theophyllin und Riboflavin. Bindungsanalysen mittels 

Fluoreszenzpolarisation und isothermer Titrationskalorimetrie bestätigten spezifische 

Wechselwirkungen mit Affinitäten im mikromolaren Bereich. 

In der zweiten Studie wurde ein angepasstes Selektionsschema zur Identifizierung von Aptamern 

entwickelt, die in fluorogene RNA-Sensoren integriert werden können. Hierfür wurden modulare RNA-

Bibliotheken mit Andocksequenzen entworfen, die eine allosterische Kopplung zwischen der 

Zielmolekülbindung und der Fluorophoraktivierung ermöglichen. Mithilfe dieses Ansatzes wurden 

Aptamere gegen Thiaminpyrophosphat selektiert und mit den fluorogenen RNA-Aptamern Broccoli und 

Red Broccoli fusioniert. Durch die Optimierung von Linker- und Spacerregionen wurden verbesserte 

Signal-zu-Hintergrund-Verhältnisse erzielt. Die resultierenden Sensoren wiesen eine hohe Spezifität für 

Thiaminpyrophosphat und Thiaminmonophosphat auf. 

Insgesamt zeigen die Ergebnisse, dass die Kombination aus automatisierter Aptamerselektion und 

modularer Sensorkonstruktion eine effiziente Strategie zur Entwicklung von RNA-basierten 

Sensorsystemen darstellt. Die vorgestellten Ansätze ermöglichen eine reproduzierbare Identifizierung 

neuer Aptamere sowie deren schnelle Umsetzung in funktionale fluorogene Sensoren und bieten damit 

eine vielseitige Grundlage für Anwendungen in der synthetischen Biologie, Diagnostik und molekularen 

Analytik. 
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INTRODUCTION 

1. Brief history of aptamers and SELEX 

The groundwork for aptamer technology was laid in 1990 with two landmark studies that independently 

introduced the Systematic Evolution of Ligands by EXponential Enrichment (SELEX) method. In a 

pioneering article, Tuerk and Gold [1] demonstrated that nucleic acid libraries could be iteratively 

enriched to yield RNA sequences binding bacteriophage T4 DNA polymerase with high specificity. 

Their research demonstrated how oligonucleotide libraries could be designed to select sequences that 

excel in precise molecular recognition, coining the term SELEX. Concurrently, Ellington and Szostak 

[2]  presented the same idea by demonstrating that RNA could be selected to bind small organic dyes 

with exceptional affinity. This research confirmed the SELEX method as a powerful tool for molecular 

recognition and introduced the term “aptamer”, referring to structured single-stranded nucleic acids that 

can bind a broad spectrum of targets, ranging from small molecules to complex proteins or even cells. 

Aptamers are often described as nucleic acid analogues of antibodies, as both classes of ligands exhibit 

high specificity and affinity toward molecular targets. While antibody discovery has evolved 

substantially through in vitro techniques such as phage display[3-4], antibody production remains 

resource-intensive, requiring mammalian expression systems and complex purification procedures.[5] In 

contrast, aptamers are chemically synthesized, allowing precise control over sequence, modifications, 

and batch-to-batch reproducibility at lower cost and higher scalability.  

These properties have enabled the use of aptamers in applications where antibodies face intrinsic 

limitations. For instance, the SOMAscan platform employs thousands of modified DNA aptamers for 

highly multiplexed protein detection in diagnostics[6], demonstrating greater applicability than 

conventional immunoassays. Likewise, the programmable nature of RNA and DNA aptamers has been 

exploited to engineer regulatory motifs in gene-editing systems, such as ligand-responsive guide RNAs 

that modulate CRISPR activity.[7] Although antibodies remain dominant in therapeutic applications, 

aptamers offer a complementary and versatile alternative, particularly suited for multiplexed diagnostics 

and synthetic biology. 

The iterative SELEX process, which includes binding, separation, amplification, and enrichment, 

successfully identifies aptamers with affinities ranging from micromolar to picomolar levels (Figure 1). 

Over the past 30 years, numerous variations of the SELEX methodology have been developed to 

improve specificity, efficiency, and scalability. However, these challenges become particularly 

pronounced when selecting aptamers against small-molecule targets. 
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Figure 1. A schematic representation of the main SELEX steps. Main steps in SELEX are: (1) Binding of ssDNA or RNA 

library to the ligand, (2) washing of unbound or weakly bound sequences and subsequent recovery of binding sequences in 

the partitioning step, and (3) amplification of recovered sequences in a PCR with the following in vitro transcription of RNA 

in the case of RNA library. 

SELEX = Systematic Evolution of Ligands by EXponential Enrichment, ssDNA = single-stranded deoxyribonucleic acid, 

PCR = polymerase-chain reaction, RNA = ribonucleic acid. 

 

2. SELEX: a versatile tool for aptamer selection 

Since its introduction, SELEX has been widely applied to generate DNA and RNA aptamers targeting 

a broad range of ligands, from small molecules, [8-9] proteins, [10-11] and more complex systems such as 

cells [12-13]. The choice between DNA and RNA nucleic acids for aptamer development depends on the 

intended application. Often, RNA or DNA is also modified, either before selection or at the aptamer 

level, to increase interaction strength or improve the stability of the nucleic acid molecule.[14-15]  

RNA aptamers are frequently described as structurally versatile due to their roles in ribozymes and 

riboswitches.[16-18] However, this structural flexibility does not inherently translate into superior binding 

affinity, as both RNA and DNA aptamers can achieve nanomolar or picomolar affinities depending on 

the target and selection conditions. A key advantage of RNA aptamers is their genetic encodability, 

which enables intracellular expression for applications in gene regulation, sensing, and synthetic 

biology.  

In intracellular settings, RNA aptamers are generally limited to natural nucleotides, restricting the 

incorporation of chemically diverse base modifications during expression. To overcome stability 

limitations, RNA aptamers are frequently chemically modified, most commonly at the 2′ position, to 

enhance nuclease resistance and in vivo half-life.[19] In contrast, DNA aptamers can exploit diverse base 

modifications during in vitro selection, as exemplified by slow off-rate modified aptamers (SOMAmers) 
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[6] and click-SELEX-derived DNA aptamers (clickmers)[14], which expand chemical functionality 

through hydrophobic or aromatic side chains and often achieve enhanced affinity and specificity, and a 

higher success rate of aptamer selectability.   

2.1 DNA/RNA library design 

The SELEX process starts with a carefully designed, chemically synthesized single-stranded DNA 

(ssDNA) library. The 5’ and 3’ terminal regions in the library remain fixed, while the central region is 

randomized. Oligonucleotide libraries containing random segments of 20 to 80 nucleotides (nt) [20] are 

frequently used in in vitro selection experiments, balancing sequence diversity with practical 

amplification efficiency. 

For RNA aptamer selection, the ssDNA library is converted into double-stranded DNA (dsDNA) via 

limited PCR amplification[20], typically using five to six PCR cycles, to preserve the library's diversity.[20-

21] A T7 promoter sequence is introduced through the forward primer, enabling subsequent in vitro 

transcription of RNA from the amplified DNA template (Figure 2).  

 

Figure 2. Scheme of RNA library generation from a chemically synthesized ssDNA library. 

PCR = polymerase chain reaction, RNA = ribonucleic acid, ssDNA = single-stranded deoxyribonucleic acid.  

 

Primer binding regions are typically designed with balanced GC content (40–60%) to ensure stable 

annealing to the template and melting temperatures compatible with standard PCR conditions.[22-23] 

Lastly, avoidance of secondary structures like hairpins or primer-dimers is critical, as these can disrupt 

efficient template hybridization and amplification. By thoughtfully addressing these factors, primer 

design can help mitigate artifact formation during the SELEX process.[24] 

2.2 Buffer selection 

Buffer composition plays a central role in SELEX, as it directly influences aptamer folding, target 

stability, and binding specificity.[25] Selection buffers are typically chosen to reflect the intended 

application environment while maintaining target solubility and structural integrity. For small molecules 

and ions, commonly used buffers include HEPES, Tris-HCl, or PBS.[8, 26-27] Divalent and monovalent 

cations, particularly Mg²⁺ and K⁺, are frequently included to stabilize RNA secondary structures and, in 
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some cases, promote G-quadruplex formation.[28-29]  While G-quadruplexes are not universally required 

for aptamer binding, they are essential for particular fluorogenic light-up aptamers, where π-stacking 

interactions restrict fluorophore flexibility and enhance fluorescence emission.[30-31]  

2.3 Different targets 

SELEX has been successfully applied to targets spanning a broad chemical spectrum, including 

inorganic [32-33] and small organic molecules, [34-35] proteins, [10-11] carbohydrates, [9] antibiotics, [27, 36] and 

even cells.[12-13] Because of their varying chemical structures and interaction characteristics, different 

molecules need distinct selection approaches. The most crucial and challenging part of the SELEX 

process is separating bound from unbound sequences after incubation with the target. While larger 

molecules like proteins or cells can be separated easily based on size or surface immobilization, smaller 

molecules pose a greater challenge due to their minimal size differences in nucleic acid libraries and 

library-ligand complexes and the difficulties involved in labelling of the ligands. Over the past years, 

various SELEX strategies have been developed, primarily inspired by different molecular properties of 

targets. 

2.4 SELEX variations 

Despite being established for over thirty years, SELEX lacks a universal method applicable to all target 

types and uses. Instead, the SELEX process has been adapted into various forms, each tailored to meet 

the specific characteristics of the target molecule. Factors like target size, charge, solubility, and cellular 

location influence the selection of a SELEX approach, including specialized techniques such as cell-

SELEX for whole-cell targets[37], capture-SELEX for small molecules[27], and counter-SELEX for 

improved specificity.[38] These adaptations have broadened the range of aptamer uses, facilitating 

applications in biosensing, diagnostics, therapeutics, and synthetic biology. 

Efforts to refine SELEX have led to the development of various variants, including negative selection, 

counter-SELEX, bead-based SELEX, and others. The first two aim to enhance the final specificity of 

enriched aptamers: one by removing sequences that bind nonspecifically to irrelevant molecules or 

matrix components, thus improving the overall specificity; and the other by introducing structurally 

related molecules during selection to eliminate cross-reactive sequences. Other SELEX methods focus 

more on differences in the partitioning process, which are specific to the target type. For example, bead-

based SELEX simplifies handling of nucleic acid libraries and targets by immobilizing them on solid 

supports, making separation easier. Additionally, separation of larger molecules like proteins without 

labelling can be achieved through size differences, using techniques such as capillary electrophoresis 

(CE-SELEX), size-exclusion chromatography (SEC-SELEX), nitrocellulose filter binding, or gel shift 

SELEX (EMSA-SELEX).  

Unfortunately, neither the size difference between free nucleic acids and nucleic acid-ligand complexes 

nor the immobilization of the small-molecule target can be readily employed for small-molecule aptamer 
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selection. The process of attaching small molecules to solid supports can alter their native conformation 

or introduce steric hindrance, thereby affecting their binding characteristics. Therefore, efforts have been 

made to select aptamers for small molecules using immobilization-free SELEX. Townshend, et al. [39] 

employed the de novo rapid in vitro evolution of RNA biosensors (DRIVER) methodology, which uses 

aptamer-coupled ribozyme libraries along with a ribozyme regeneration technique and high-throughput 

characterization (CleaveSeq). This approach facilitated the multiplexed discovery of biosensors for 

ligands such as theophylline, acyclovir, noscapine, and several others. Another approach, which does 

not require ligand immobilization, is graphene oxide-SELEX (GO-SELEX), in which free ssDNA 

adsorbs to graphene oxide (GO), while ssDNA bound to small molecules is released.[40-42] Finally, a 

capture-SELEX method was established where the library is immobilized, and the small molecule is 

free in solution.[27] The bound and unbound sequences are here separated by the release of bound 

sequences into solution upon target binding. 

Despite these methodological advances, no universally applicable SELEX strategy exists, and selection 

success remains highly target-dependent, particularly for small molecules. RNA aptamers selected to 

bind specific small-molecule targets can be particularly valuable in applications such as drug delivery, 

sensing, and gene regulation, in ways similar to their natural counterparts, riboswitches. 

3. Riboswitches: natural aptamers and inspiration for aptamer’s 

application 

As previously mentioned, part of the naturally occurring RNA has evolved into structural and catalytic 

polymers used for gene regulation, either by employing catalytic activity during structure formation in 

ribozymes or by employing structure-switching activity upon molecular recognition in riboswitches. 

The later RNA elements found in bacteria, plants, and fungi are located in the untranslated regions 

(UTRs) of messenger RNAs (mRNAs) and serve as direct sensors for small molecules and 

metabolites.[43] Riboswitches contain an intrinsic aptamer domain that binds to ligands, triggering 

structural changes that control gene expression, as shown in Figure 3. A well-known example is the 

thiamine pyrophosphate (TPP) riboswitch, which selectively binds TPP and regulates genes associated 

with thiamine metabolism.[16, 44] Other riboswitches, among many, respond to metabolites such as 

adenine,[45] guanine,[46] and fluoride.[47] 
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Figure 3. An example of a riboswitch’s function and structure, featuring an aptamer and an expression domain. The 

figure was modified according to Salvail and Breaker [43]. 

L = ligand, ORF = open reading frame. 

 

Similar to naturally occurring riboswitches, RNA aptamers can be adapted into molecular sensors to 

develop synthetic RNA sensors. In contrast to SELEX-derived aptamers, riboswitches function 

effectively within their native biological context, merging molecular recognition with gene regulation. 

However, the first synthetic RNA sensor was developed before the discovery of riboswitches by joining 

an ATP aptamer to an existing ribozyme to enable ATP-controlled ribozyme self-cleavage.[48] This study 

paved the way for the field of allosteric RNA sensors.[49] Furthermore, an important technological 

advancement was made by the emergence of fluorogenic RNA aptamers. The first aptamer selection for 

fluorophores was performed with sulforhodamine B and fluorescein to utilize them for double-labelling 

experiments to detect intracellular transcription localization.[50] Later, a Spinach light-up aptamer was 

selected, enabling an RNA molecule to activate a fluorophore and provide a direct optical readout of 

RNA folding and ligand binding.[51] Subsequent work combined riboswitch-derived ligand-sensing 

aptamer module with fluorogenic RNA scaffolds to generate fully genetically encoded, allosteric 

fluorescent RNA sensors capable of detecting small molecules in living cells.[31]  

While many natural riboswitches are known, they only cover a small range of biologically important 

ligands and are not easily adaptable to new targets. Moreover, using artificial aptamers poses challenges, 

as linking a target-specific aptamer to a fluorescent RNA module is complex and often demands 

extensive optimization to enable effective allosteric signal transmission.[52] Thus, a carefully designed 

SELEX method can be employed to discover aptamers targeting desired small molecules, which can be 

integrated into engineered constructs that replicate riboswitch designs.[53-54] This strategy expands the 

potential use from biosensing to gene regulation, and paves the way for RNA-based therapeutics and 

diagnostics. 
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4. Aim: High-throughput selection of RNA aptamers targeting 

small molecules and their application 

The labour-intensive, frequently unsuccessful SELEX method underscores the need for a high-

throughput approach for aptamer selection. Previously, a robotic-assisted selection method for RNA 

aptamers targeting proteins was established, accelerating the isolation of 2’-deoxy-2’-fluoro-modified 

RNA aptamers for therapeutic use.[55] Unfortunately, a SELEX design for selecting protein targets 

cannot be easily applied to selecting RNA aptamers targeting small molecules. Accordingly, this thesis 

aimed to develop an automated selection strategy specifically tailored to small-molecule targets. 

RNA aptamers have been shown to perform well in target-controlled molecular gene editing and 

intracellular sensing.[56-57] As previously emphasized, selecting aptamers that target small molecules can 

be particularly challenging due to their chemical properties. Because of their small size and limited 

functional groups for immobilization, this study utilized a capture-SELEX approach. This 

immobilisation-free selection method has been widely used in several studies to select aptamers for a 

variety of small-molecule targets.[34-36] Nevertheless, a thorough investigation of different selection 

conditions and library design has not been previously done. Therefore, this study initially focused on 

determining optimal conditions for RNA library immobilization and optimizing selection steps suitable 

for the robotic platform. Furthermore, the suitability and selectability of the automated method were 

tested for several small-molecule targets.  

The second part of the study focused on applying the automated selection method for RNA aptamers to 

identify novel RNA-based sensors capable of detecting any target of choice. In the design of allosteric 

RNA sensors, the simple linking of the aptamer and functional parts is not always straightforward;[52, 58] 

hence, a tailored library design to select allosteric RNA aptamers can improve their structural 

performance. Thus, the second part of this study introduces a thoughtful design of the RNA library 

structure, which can be used for de novo selection of target-specific allosteric RNA sensors coupled with 

the existing fluorogenic light-up RNA aptamers. To enable modular use of fluorogenic aptamers that 

bind to two different fluorophores, emitting light at green or red wavelengths, the library design was 

tailored to support coupling with both aptamers. Although the selection was performed only for a single 

target, for which the selected aptamer is not particularly important given the availability of a natural 

riboswitch, this study provides a foundation and platform for high-throughput selection of allosteric 

sensors for any target. Furthermore, while the library was designed specifically for coupling to a 

particular fluorogenic aptamer, a similar design can be easily applied to any fluorogenic aptamer. 

5. Capture-SELEX 

Capture-SELEX’s name was first introduced by Stoltenburg, et al. [27] for the selection of DNA aptamers 

targeting aminoglycoside antibiotics. However, the underlying principle had already been applied earlier 
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by Nutiu and Li [32], Morse [59], and Rajendran and Ellington [33], who independently employed library 

immobilization strategies to select DNA or RNA aptamers against small-molecule targets such as ATP, 

GTP, tobramycin, and zinc. Since then, capture-SELEX has been widely adopted and further refined for 

a broad range of low-molecular-weight ligands. 

Capture-SELEX is specifically designed for targets that cannot be readily immobilized without 

disturbing their native structure. Instead of attaching the ligand to a solid support, the nucleic acid library 

is indirectly immobilized via hybridization to a complementary capture-oligodeoxynucleotide (ODN) 

coupled to magnetic beads (Figure 4). The selection process begins with hybridizing the library to the 

capture-ODN, followed by the introduction of the target molecule into solution. Subsequently, it is 

assumed that the target binding induces a conformational change in the aptamer candidates, thereby 

reducing their hybridization efficiency with the capture sequence and facilitating their release into 

solution. These eluted sequences, which, among others, show preferential binding to the target but can 

also be nonspecifically dissociating, are then amplified and reintroduced into subsequent selection 

cycles to enhance affinity and specificity.  

 

Figure 4. Scheme of the capture-SELEX method. Main steps are 1) capturing of RNA to short ODN during transcription, 

2) coupling of RNA-ODN duplexes on magnetic beads and removing weakly bound sequences, 3) elution of binding 

sequences by addition of a target solution, and 4) reverse transcription and amplification (RT-PCR) of dissociated sequences.  

ODN = oligodeoxynucleotides, SA = streptavidin. 

 

While this strategy preserves the native chemical properties of the ligand, it introduces additional 

constraints on selection stringency. Successful enrichment depends on a delicate balance between 

sufficient hybridization stability to suppress nonspecific dissociation and adequate flexibility to allow 

target-induced release. Consequently, capture-SELEX often yields aptamers with moderate affinities, 

typically in the micromolar range. 
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Table 1: Summary of capture-SELEX publications using small-molecule ligands 

N Library Target Name Library Kd [M] Reference 

1 DNA ATP, GTP 
PBS-N10-DS15-

N20-PBS 
n.a. Nutiu and Li [32] 

2 DNA Zinc 
DS12-PBS-N50-

PBS 
15 × 10-6 

Rajendran and 

Ellington [33] 

3 RNA Tobramycin 
DS6-PBS-N60-

PBS 
16-500 × 10-6 Morse [59] 

4 DNA Kanamycin A 
PBS-N10-DS12-

N40-PBS 
3.9 × 10-6 

Stoltenburg, et al. 
[27] 

5 DNA Cortisol 
DS7-9-PBS-N40-

PBS 
16.1 × 10-6 Martin, et al. [60] 

6 DNA Tobramycin 
DS12-PBS-N60-

PBS 
0.2 × 10-6 Spiga, et al. [61] 

7 DNA Thioflavin T DS18-N30-PBS 4.17 × 10-6 Wang, et al. [62] 

8 DNA Penicillin G 
PBS-N10-DS12-

N40-PBS 
n.a. Paniel, et al. [63] 

9 DNA Geniposide DS18-N40-PBS 2 × 10-6 Zhang, et al. [64] 

10 RNA 
Rebaudioside A 

Carminic acid 

PBS-N10-DS12-

N40-PBS 
n.a. Lauridsen, et al. [65] 

11 DNA Vanillin 
PBS-N10-DS12-

N40-PBS 
0.9 × 10-6 

Kuznetsov, et al. 
[35] 

12 DNA Furaneol 
PBS-N10-DS12-

N40-PBS 
1.1 × 10-6 Komarova, et al. [34] 

13 DNA 

Serotonin 

Dopamine  

Glucose  

S1P 

PBS-DS15-N30-

36-DSc8-PBS 

30 × 10-9  

150 × 10-9  

10 × 10-3 

180 × 10-9 

Nakatsuka, et al. [9] 

14 RNA ATP 
PBS-N40-DS13-

N10-PBS 
n.a. 

Boussebayle, et al. 
[21] 

15 RNA Paromomycin 
PBS-N40-DS13-

N10-PBS 
20  × 10-9 

Boussebayle, et al. 
[36] 

16 DNA Caffeine DS18-N30-PBS 2.2-14.6 × 10-6 Huang and Liu [66] 

17 DNA Salicylic acid DS18-N30-PBS 26.7 × 10-6 Gu, et al. [67] 

18 DNA Chloramphenicol DS18-N30-PBS 9.8 × 10-6 Zhao, et al. [68] 

19 DNA Flunixin 
DS15-N30-DSc8-

PBS 
250 × 10-9 

Alkhamis and Xiao 
[38] 

20 DNA 
Leucine 

Variconazole 

PBS-DS15-N36-

DSc8-PBS 
170 × 10-9 Yang, et al. [69] 

21 DNA Kanamycin A DS18-N30-PBS 320 × 10-9 Zhao and Liu [70] 

22 RNA 

Okadaic acid 

Dinophysistoxin-1 

Azaspiracid-1 

PBS-N40-DS19 

2.139 × 10-6 

3.755 × 10-7  

2.429 × 10-6 

Sun, et al. [71] 

Note: If several aptamers have been identified for a single target, only the affinity of the best binding aptamer was reported 

here. 

DS = docking sequence, DSc = docking sequence complement, PBS = primer-binding site, n.a. = not applicable, 

S1P = sphingosine-1-phosphate. 
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Table 1 summarizes representative capture-SELEX studies targeting small molecules using DNA or 

RNA libraries. Despite substantial variation in library architectures, docking-sequence lengths, and 

selection conditions, the majority of reported dissociation constants fall within the micromolar range. 

Only a limited number of studies report nanomolar affinities, typically achieved through highly 

optimized library designs or stringent selection pressures. Some publications that yielded aptamers with 

nanomolar affinity employed a specially designed library containing a loop with a random region 

flanked by a stem formed by a DS and its complement (DSc) in the absence of a capture-ODN.[9, 38] 

Other approaches yielding aptamers binding in nanomolar ranges developed carefully optimized and 

target-tailored selection protocols, which often incorporate precise control of the initial ligand 

concentration and systematic counter-selection using structurally related analogs to enhance 

specificity.[9, 36, 38] In a study by Alkhamis and Xiao [38], it was shown that gradually decreasing the target 

concentration, especially with a steep gradient, greatly increased the likelihood of selecting high-affinity 

binders. Additionally, their use of a strict counter-selection process effectively reduced off-target 

interactions, highlighting the importance of counter-selection in isolating highly specific aptamers using 

the capture-SELEX platform. 

Despite these advances, no systematic investigation has yet evaluated how docking-sequence length and 

placement influence enrichment efficiency and affinity in capture-SELEX. An automated, operator-

independent platform capable of executing multiple selections in parallel would therefore be valuable 

for optimization and reproducible performance. 

5.1 Automated SELEX 

Automation has substantially improved the reproducibility and throughput of SELEX workflows. In 

1998, Cox, et al. [72] developed an automated RNA selection protocol, utilizing a robotic system to 

streamline the in vitro selection of RNA aptamers, thereby reducing manual intervention and selection 

time. In their follow-up publications, they employed the protocol to select aptamers targeting the 

lysozyme and U1A proteins, thereby demonstrating the ability of an aptamer to inhibit protein function 

and the ability of SELEX to select sequences resembling the sequence of a naturally binding nucleic 

acid, respectively.[73-74] Building upon this, Eulberg, et al. [75] introduced an automated SELEX process 

that minimized manual intervention, streamlining the in vitro selection of RNA-based aptamers. Further 

advancements included the development of a semi-automated SELEX method termed "Just in Time-

Selection".[76] This approach combined magnetic separation with BEAMing technology to isolate DNA 

aptamers, significantly accelerating the selection process. In 2019, Breuers, et al. [55] reported a robotic-

assisted generation of 2’-deoxy-2’-fluoro-modified RNA aptamers.  

Building on these advancements, Zhang, et al. [77] developed an automated capture-SELEX device 

designed to screen for aptamers targeting β-conglycinin, a soy allergen, leading to the identification of 

a high-affinity aptamer, β-5, with a dissociation constant (Kd) of 18.24 ± 2.42 nM.  
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While these systems demonstrated the feasibility of automation, most were optimized for protein targets 

and cannot be directly translated to small-molecule selection without substantial modification. This gap 

motivated the development of automated capture-SELEX strategies tailored explicitly to low-molecular-

weight ligands. 

5.2 Establishment of automated capture-SELEX selecting RNA aptamers 

(Publication 1) [78] 

In this work, a fully automated capture-SELEX platform was developed to enable operator-independent 

selection of RNA aptamers targeting small molecules.[78] The system was implemented on a Biomek XP 

liquid-handling workstation and designed to perform all selection steps, including hybridization, 

washing, elution, reverse transcription, PCR amplification, and in vitro transcription, without manual 

intervention. 

The selection strategy was based on the capture-SELEX principle, which previously proved to be an 

efficient method for aptamer selection targeting small molecules. Previous papers utilized two different 

ways of library capturing on the magnetic beads via complementary biotinylated ODN, which were 

named high-density beads (HDB) [27] and low-density beads (LDB) [21] capturing. So far, a systematic 

comparison between these two approaches has not been carried out; thus, they were evaluated side by 

side in this study. The binding profile of the enriched library pool revealed a higher elution of sequences 

by a neomycin B target from LDB selection compared to HDB selection. It was postulated that the LDB 

selection is superior to the HDB, because it optimizes the density of capture ODNs on the beads, thereby 

improving target binding and elution efficiency. LDB facilitated the recovery of high-affinity sequences 

by reducing steric hindrance and nonspecific interactions. Subsequently, the LDB selection was 

automated to avoid manual intervention throughout all 12 cycles, totalling 72 hours. The initial robot 

selection targeting neomycin B exhibited a binding profile consistent with the enriched pool, and a 

similar enrichment profile was observed in next-generation sequencing (NGS) data, aligning with the 

results from manual LDB selection. The most enriched sequence from the robotic LDB selection, LR1, 

was also prevalent in the manual LDB selection. LR1 demonstrated an affinity of 3 µM in fluorescence 

polarization assays and 34.7 ± 1.97 μM in isothermal titration calorimetry (ITC). Although no counter-

SELEX was used during the process, the aptamer bound specifically to neomycin B and showed weaker 

binding to kanamycin, a chemically similar molecule. It did not bind to other tested compounds such as 

ampicillin, cAMP, arginine, or theophylline. The Kd for LR1 binding to kanamycin was approximately 

four times higher than its binding to neomycin B, as measured by ITC at 130.0 ± 30.9 μM.  

Following validation with neomycin B, the automated platform was applied to 13 additional small-

molecule targets. Functional aptamers were successfully identified for four ligands, corresponding to a 

success rate of approximately 30%. While this rate may appear modest, it is consistent with reported 

outcomes for small-molecule SELEX and reflects the inherent difficulty of selecting high-affinity 

binders against chemically simple targets.[79-80] The observed affinity range is also consistent with 
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expectations for capture-SELEX, where indirect partitioning limits selection stringency compared to 

immobilization-based protocols. Nevertheless, capture-SELEX offers distinct advantages, including 

preservation of ligand integrity, standardized workflows, and compatibility with automation. 

A fluorescence-based assay was also introduced, offering a quick, quantitative way to evaluate aptamer 

binding. This method removes the necessity for lengthy radioactive tests and RNA labelling. The assay 

utilized the displacement of the fluorescently labelled capture-ODN from the complementary RNA in 

the presence of the binding target. Optimizing the capture-ODN length improved the dynamic range. 

All RNAs contained the same complementary sequence to the capture-ODN, but different RNA 

sequences exhibited varying affinities to the same capture-ODNs. By customizing the capture-ODN 

length for each RNA sequence, assay performance could be enhanced. Additionally, affinity 

measurements from the fluorescence polarization assay were compared to those from ITC. Although 

fluorescence polarization consistently yielded lower Kd values than ITC, the measured Kd values were 

often lower yet within a similar range, as is common since different methods can produce varying 

binding affinity results.[81] 

Overall, the robotic capture-SELEX system transforms a traditionally labour-intensive and operator-

dependent process into a standardized, high-throughput selection pipeline. While affinity optimization 

remains target-dependent, the platform provides a robust foundation for systematic investigation of 

SELEX parameters and downstream functional deployment. 

6. Application of RNA aptamers targeting small molecules 

RNA aptamers have been widely applied as molecular recognition elements in biosensing, diagnostics, 

and gene regulation.[9, 68, 71, 82] Their high specificity and strong binding make them suitable for 

incorporation into diagnostic tools like electrochemical sensors [9, 83] and fluorescence assays.[58, 84]  

In electrochemical aptamer-based sensors (EAB), target-recognizing aptamers are typically 

immobilized on a gold electrode for signal generation. DNA aptamers that detect natural molecules, 

such as serotonin, dopamine, glucose, and sphingosine-1-phosphate, were successfully selected and 

utilized in EAB.[9] Additionally, Nakatsuka, et al. [85] developed high-affinity aptamer-functionalized 

nanopipette sensors capable of detecting serotonin levels secreted by human neurons, with enough 

specificity to distinguish neurotransmitters and their metabolites. While highly sensitive, these platforms 

require specialized instrumentation and are not readily adaptable to intracellular sensing. 

6.1 Fluorogenic RNA aptamers as sensor scaffolds 

A major breakthrough in RNA-based sensing was the development of fluorogenic light-up RNA 

aptamers, which activate small-molecule fluorophores upon binding. The first fluorogenic light-up 

aptamer was reported in 2011 by Paige [51], who developed an RNA aptamer that binds fluorophores 

similar to those in green fluorescent protein (GFP), called 3,5-difluoro-4-hydroxybenzylidene 
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imidazolinone (DFHBI). This RNA-fluorophore complex, named Spinach, mimics enhanced GFP and 

produces bright green fluorescence comparable to fluorescent proteins. In a subsequent study, they 

demonstrated live-cell imaging of S-adenosylmethionine (SAM) by expressing an RNA-based sensor 

containing a SAM-binding RNA aptamer derived from a natural riboswitch embedded in the stem loop 

of Spinach, thereby controlling Spinach aptamer folding by the binding and structure stabilization of 

SAM aptamer.[31] Additionally, they fused multiple aptamers that bind adenosine, guanine, or guanosine 

5′-triphosphate (GTP) to Spinach through a stem sequence acting as a “transducer”.[31] Furthermore, 

Jaffrey’s group used fluorescence-activated cell sorting (FACS) of millions of aptamers expressed in 

Escherichia coli to select an improved Broccoli aptamer binding to DFHBI, which is superior in folding 

when cytosolic magnesium levels are low. Broccoli exhibits strong folding and green fluorescence in 

cells, and shows increased fluorescence compared to Spinach.[26] Since then, numerous fluorogenic 

aptamers have been reported binding to a wide range of fluorophores such as Mango,[86] Corn,[87] 

Pepper,[88] and several others shown in Figure 5A. In Li, et al. [57], they developed a new red fluorophore 

called OBI (3,5-difluoro-4-hydroxybenzylidene-imidazolinone-2-oxime-1-benzoimidazole), which is 

especially useful for live-cell imaging due to its low red background fluorescence in cells. They then 

used Red broccoli, which is structurally similar to regular Broccoli and binds to the OBI, displaying 

bright red fluorescence inside cells. Additionally, they demonstrated that Red broccoli can be fused to a 

SAM-binding aptamer, creating a sensor that produces red fluorescence in response to SAM levels in 

mammalian cells treated with OBI. Previous publications described two structural modes of action of 

RNA based sensors: first, incorporating a ligand-binding aptamer into the stem loop of a fluorogenic 

RNA aptamer, which regulates the folding of the fluorogenic aptamer through ligand binding (Figure 

5B);[31, 57] and the second, by interaction of part of a ligand-binding aptamer sequence with part of the 

fluorogenic aptamer, thereby preventing the fluorogenic aptamer from folding in the absence of the 

ligand. (Figure 5C).[52, 58] 

Despite substantial progress, the development of RNA-based fluorescent sensors remains labour-

intensive and target-specific. Traditional sensor design requires detailed structural knowledge of both 

the ligand-binding aptamer and the fluorogenic scaffold, as well as extensive empirical optimization of 

linker and transducer regions to achieve effective allosteric coupling. Moreover, most existing sensors 

rely on naturally occurring riboswitches or previously characterized aptamers, limiting their 

applicability to a narrow set of ligands. Consequently, there is a lack of generalizable strategies for 

rapidly converting newly selected aptamers into functional RNA sensors. To address this limitation, the 

automated capture-SELEX platform described in the previous chapter was adapted to enable the direct 

selection of allosteric RNA sensors. Rather than selecting aptamers solely for binding affinity, the 

strategy was designed to enrich for sequences structurally compatible with fluorogenic RNA scaffolds 

and capable of signal transduction.  
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Figure 5. Fluorogenic RNA aptamers and their incorporation into light-up RNA sensors. A) Various fluorogenic RNA 

aptamers bind to different fluorophores, emitting fluorescence upon binding across a spectrum of colours.[26, 57, 87-88] B) SAM-

based light-up sensor with integrated Red broccoli fluorogenic aptamer.[57] The SAM riboswitch is incorporated into the stem 

loop of the Red broccoli sensor. When SAM binds to the SAM riboswitch, it stabilizes the Red broccoli structure, allowing it 

to bind to the OBI molecule. Modified from Li, et al. [57] C) TPP-based light-up sensor with integrated Spinach fluorogenic 

aptamer.[58] The TPP-riboswitch interacts with the Spinach sequences, preventing the formation of the Spinach structure. When 

TPP binds to the riboswitch, it undergoes a conformational change, releasing the complementary Spinach sequence. This allows 

the DFHBI molecule to bind to the folded Spinach structure. Modified from You, et al. [58]. 

DFHBI = (Z)-4-(3,5-difluoro-4-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one, DFHO = (3,5-difluoro-4-

hydroxybenzylidene imidazolinone-2-oxime), HBC = (4-((2-hydroxyethyl)(methyl)amino)-benzylidene)-

cyanophenylacetonitrile, OBI = 3,5-difluoro-4-hydroxybenzylidene-imidazolinone-2-oxime-1-benzoimidazole, SAM = S-

adenosyl-L-methionine, TPP = thiamine pyrophosphate. 

 

6.2 Development of modular allosteric RNA sensors (Publication 2) [89] 

In the second publication, this modular strategy was implemented to enable de novo selection of RNA-

based fluorescent sensors.[78, 89] The approach leverages the docking sequence used for library 

immobilization during capture-SELEX as an interaction interface with fluorogenic aptamers such as 

Broccoli and Red Broccoli. In this design, hybridization between the ligand-binding module and the 

fluorogenic scaffold prevents fluorescence in the absence of the target, while ligand-induced folding 

disrupts this interaction, restoring fluorescence. 

During the initial phase of the study, the molecular structure of the RNA sensor library was optimized 

to identify the interaction between the two modules, ensuring a strong enough interaction to prevent 

Broccoli folding in the absence of the ligand and to facilitate easy displacement of the docking sequence 

by aptamer folding upon ligand addition. Out of five docking strand lengths complementary to the 

Broccoli sequence (SE4–SE12), SE8 with 8-nt complementary sequence was identified as the most 

suitable choice. Shorter sequences (SE4, SE6) showed weak hybridization with Broccoli, leading to 

higher background fluorescence, while longer sequences (SE10, SE12) hindered signal induction by the 

addition of complementary ODN. While the SE12 library also showed relatively low background 
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fluorescence without the ODN and a high turn-on when the ODN was added, the hybridization energy 

in this case might be stronger than the ligand-aptamer interaction. This was later confirmed when 

hybridization with a 12-nt docking strand was not sufficiently disrupted by target binding, as shown by 

fluorescence anisotropy measurements, indicating that SE8 achieves the best balance. Additionally, 

extending the stem of the Broccoli domain further improved performance.  

Furthermore, as a proof of concept, thiamine pyrophosphate (TPP) was selected as the target ligand due 

to the availability of its natural riboswitch.[16] Capture-SELEX was performed using the optimized SE8 

library under the low-density bead (LDB) protocol established in Legen and Mayer [78]. After the Next-

generation sequencing (NGS) analysis, the five most abundant sequences (S1−S5) and the sequences 

with the highest rate of enrichment from rounds 8−12 were examined. Although some of the most 

enriched sequences showed fairly good binding, no sequence from the latter group demonstrated binding 

either in the fluorescence polarization assay or when coupled to Broccoli and analysed by fluorescence 

measurement of DFHBI-1T binding. 

S1 and S5 sequences from the five most abundant sequences were chosen for further characterization of 

binding and improvement of signal increase due to the addition of the ligand. Firstly, the affinities of S1 

and S5 for TPP were tested, and it was determined that both aptamers bind with similar affinities, 479 

± 136 and 462 ± 94.8 μM, respectively, which are much lower than the affinity of the natural TPP 

riboswitch.[16] Nevertheless, the characterization of the aptamers coupled to the Broccoli was continued, 

and it was proven that the additional spacer sequence length consisting of adenines between the S1 and 

S5 aptamer and Broccoli aptamer sequences increases the fluorescence signal by ligand addition, 

especially by the length of the polyA spacer of seven nucleotides. Furthermore, the specificity of the 

adjusted S1- and S5-sensor was tested using structurally similar molecules, such as thiamine 

monophosphate, thiamine, guanosine triphosphate, and adenosine triphosphate. While both S1- and S5-

sensors show reduced binding to the thiamine monophosphate, binding to the rest of the ligands is 

minimal or not binding at all. To further demonstrate allosteric activation of the sensor by TPP binding, 

point mutations were introduced into the regions of S1 and S5 that complement Broccoli. These 

mutations resulted in a significant loss of sensing ability, even with a single point mutation. 

To demonstrate modularity, both aptamers were also coupled to the Red Broccoli scaffold, yielding red-

shifted sensors that retained ligand responsiveness. The sensor showed a concentration-dependent 

increase in red fluorescence across the tested TPP concentration range of 0.5 to 2 mM.  

While the selected sensors exhibit modest turn-on ratios and require millimolar ligand concentrations, 

these limitations mainly reflect the moderate affinities of the selected aptamers. Importantly, the 

modular selection framework is compatible with further optimization strategies, including more 

stringent selection pressures, counter-selection schemes, and droplet-based high-throughput screening 

approaches.[52, 90] Together, these approaches provide a clear pathway toward generating RNA sensors 

with affinities and dynamic ranges comparable to natural riboswitches. 
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6.3 Gene regulation using RNA aptamers 

Additionally, RNA aptamers have therapeutic applications, including targeted drug delivery and gene 

regulation.[91-92] Attaching aptamers to drugs or genetic materials enables improved precision and 

effectiveness in treatments. In synthetic biology, RNA aptamers are components of genetic circuits and 

regulatory networks. For example, riboswitches, natural RNA elements that regulate gene expression in 

response to metabolite binding, have inspired the design of synthetic aptamers capable of controlling 

gene expression.  

Numerous reports describe the use of natural riboswitches in artificial gene regulation systems (Figure 

6). Hedwig, et al. [93] employed a bacterial xanthine I riboswitch aptamer that detects oxypurinol, the 

active metabolite of the commonly prescribed anti-gout medication allopurinol. They demonstrated that 

oxypurinol binds to the aptamer like the natural ligand. Using the natural aptamer, they constructed two 

gene-regulating mechanisms that depend on the presence of oxypurinol: using Hammerhead (HHR) 

ribozymes to achieve OFF-switches, or regulating the splice-site accessibility of an alternative exon to 

generate ON-switches. Furthermore, Nomura, et al. [94] showed that the usage of guanine aptamer 

naturally found in the 5′ UTR of Bacillus subtilis [46] and in vitro selected theophylline aptamer [95] 

coupled to the Hepatitis delta virus (HDV) ribozymes works as a natural ON/OFF switch in mammalian 

cells. Likewise, Strobel, et al. [96] described a fast and broadly applicable method to functionally screen 

complex riboswitch libraries by coupling guanine and tetracycline aptamers to HDV, HHR and Twister 

ribozymes as well as U1-snRNP polyadenylation. Using cDNA-amplicon-seq, they identified several 

combinations of ON- or OFF-switches. Using a similar gene-regulating system based on U1-snRNP 

polyadenylation Rovira, et al. [97] presented de novo selection of highly effective tetracycline-based 

riboswitches named Systematic Evolution of Riboswitches by Exponential Enrichment (SEREX). 

In a different approach, Mou, et al. [56] embedded a tetracycline aptamer selected in vitro within the 3’ 

UTR of an mRNA, located downstream of a microRNA (miRNA) target site. They demonstrated that 

without tetracycline, gene expression is turned off because the miRNA binds and recruits the RNA-

induced silencing complex (RISC). Conversely, when the ligand is present, the aptamer's 

complementary strand binds with the miRNA target site as a result of structural changes induced by 

ligand binding. Furthermore, Mol, et al. [98] inserted a tetracycline aptamer in proximity to the 5′ splice 

site, thereby controlling the intron retention via the binding of tetracycline to the aptamer. 

The diverse applications of aptamers in gene regulation, as emphasized above, underscore the need to 

develop new, rapid, and structurally dynamic aptamer selection methods. Creating de novo riboswitches 

is crucial for expanding RNA-based gene regulators beyond those found naturally. Automating the 

selection process with a robotic platform as described in Legen and Mayer [78] enables precise, high-

throughput discovery of ligand-responsive aptamers under consistent conditions.  
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Figure 6. Gene regulation using natural riboswitches and artificially selected aptamers. A) Gene regulation through a 

natural xanthine riboswitch that recognizes oxypurinol analogs.[93] When oxypurinol is absent, an alternative exon is retained, 

which contains a stop codon and leads to gene repression. Without oxypurinol, the folding of the xanthine riboswitch located 

in the intron causes the exon to be skipped, resulting in gene upregulation. Modified from Hedwig, et al. [93] B) Gene regulation 

through a natural guanine riboswitch utilizing a U1 snRNP binding and polyadenylation prevention.[96] In the absence of the 

guanine, the U1 snRNP binds to the exposed U1 binding site, thereby preventing the polyadenylation and gene expression. In 

the presence of guanine, the aptamer undergoes a conformational change, disrupting the U1 binding site and thereby allowing 

the expression of the gene. Modified from Strobel, et al. [96] C) Gene regulation involves an artificially selected tetracycline 

aptamer that interferes with the miR-T site. Without the tetracycline aptamer, the miR-T site is exposed to microRNA binding, 

leading to gene repression. When tetracycline is present, the aptamer folds in a way that conceals the miR-T site, resulting in 

increased gene expression. Modified from Mou, et al. [56]. D) Intron retention achieved by using the artificially selected 

tetracycline aptamer embedded within the intron.[98] When tetracycline is added, the aptamer's folding blocks intron splicing. 

Modified from Mol, et al. [98]. 

Alt. Exon = alternative exon, GFP = green fluorescence protein, microRNA = micro ribonucleic acid, miR-T = micro 

ribonucleic acid target side = Open reading frame, OxyP = oxypurinol, TetR = tetracycline, U1 snRNP = U1 small nuclear 

ribonucleoprotein.  
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SUMMARY 

This thesis presents two innovative methods: robotic-assisted capture-SELEX [78] and the design of 

modular allosteric RNA sensors.[89] By combining an automated capture-SELEX platform with a 

modular strategy for constructing allosteric RNA sensors, this work addresses two central bottlenecks 

in the field: the lack of standardized, high-throughput aptamer selection methods for small molecules 

and the difficulty of converting newly identified aptamers into functional sensing devices. 

In the first publication, a robotic-assisted capture-SELEX platform was developed to streamline the 

discovery of RNA aptamers that bind small molecules. Traditional SELEX protocols for small 

molecules often rely on target immobilization, which can alter ligand structure and affect aptamer 

enrichment. To address these issues, capture-SELEX was used, where nucleic acid libraries are 

immobilized via a docking sequence hybridized to a complementary oligodeoxynucleotide (ODN) on 

magnetic beads, while the target remains free in solution. This approach preserves the target's native 

conformation and enriches sequences that undergo conformational changes upon binding. By 

implementing this method on a robotic platform, manual intervention was reduced, and it was 

demonstrated that up to 12 iterative selection cycles could be completed within 72 hours, significantly 

reducing the time and labour required compared to conventional manual SELEX. 

Currently, the platform's efficiency is limited by the number of available positions and its size. Since 

the 96-well plates must be divided in half due to limited space on the pipetting platform, the maximum 

number of parallel selections is only four. Therefore, by switching to a larger platform, the Biomek i5, 

available from the same company (Beckman Coulter), the high-throughput selection could be easily 

scaled up to eight targets or selection conditions per 96-well plate. On the contrary, the required time 

depends on the number of selection rounds and the length of individual process steps. In this study, little 

focus was placed on optimizing and minimizing the time required for individual incubation steps or on 

reducing the number of selection rounds, since they were not essential to the initial process 

establishment. However, with further optimizations, the incubation times for capture, coupling, elution, 

PCR, and IVT reactions can be drastically reduced.  

Automating capture-SELEX involved, in the first step, a thorough re-examination of each process step. 

Instead of including laborious nucleic acid purification between selection rounds, an approach was 

introduced in which RNA–target complexes were directly transferred into a reverse transcription 

reaction, including biotinylated reverse primer, and produced RNA-cDNA complexes were isolated 

from the target solution and moved to the PCR reaction. The amplified DNA was then transcribed in 

vitro in the presence of biotinylated capture-ODNs. This integration removed the target molecule from 

the solution before transferring it to the PCR reaction. This proved crucial after the initial failed attempts, 

as evidenced by the truncation of the library during the selection rounds. In the initial failed selections 

using theophylline and arginine targets, the truncation was hypothesised to occur because the molecular 
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structure is relatively stable and withstands the thermal stress of repeated PCR cycles, resulting in a 

target concentration of 90 µM in the IVT reaction.[99-100] Therefore, this failure most likely occurred 

because the aptamer selection was hindered by the presence of the target in the in vitro transcription and 

capturing step to ODNs. Consequently, the target's presence prevented binding sequences from 

hybridizing to the capture-ODNs. Conversely, selection with the neomycin B target, following the same 

initial protocol, was not affected by the truncation, suggesting the molecule's thermal stability is 

weaker.[101] Although this claim was not extensively investigated, testing with a reduced initial neomycin 

B concentration (50 µM) during the selection produced the same library truncation observed in the failed 

initial selection attempts. Similarly, a selection with no target in the selection buffer produced the same 

truncation. As a possible explanation, it was assumed that in the absence of the target, some sequences 

still nonspecifically dissociate from the beads, which might then lose parts of the random region, since 

it is no longer viable for selection, and the shorter length might be favourable in the PCR reaction. 

In parallel, comparative experiments between high-density bead (HDB) selection, in which beads were 

saturated with capture-ODNs before RNA library binding, and low-density bead (LDB) selection, where 

capture-ODNs and RNA were hybridized in solution before immobilization, were conducted. The LDB 

approach clearly outperformed HDB, producing stronger and more specific aptamer recovery, whereas 

HDB most likely suffered from competition from excess unbound ODNs. Using neomycin B as a model 

ligand, the LDB protocol enriched aptamers with micromolar affinities, as verified by fluorescence 

polarization and isothermal titration calorimetry. Importantly, aptamers selected under the automated 

protocol exhibited strong binding to neomycin B and related aminoglycosides such as kanamycin B, but 

showed negligible cross-reactivity with unrelated small molecules. The method was extended to a broad 

panel of chemically diverse small molecules, including riboflavin, theophylline, 5-diphospho-myo-

inositol pentakisphosphate (5-IP7), and others, demonstrating that the robotic platform is applicable 

across a wide range of targets. 

After successfully establishing and implementing the capture-SELEX on the robotic platform, some 

limitations were identified. Many enriched aptamers showed affinities in the micromolar range, which 

is weaker than the nanomolar affinities reported in some studies using immobilized targets in 

SELEX.[102] Immobilization of the target enables more efficient separation of bound and unbound 

sequences and, therefore, more stringent selection conditions.  

While most recent studies employing the capture-SELEX method yielded affinities similar to those 

identified in this study (Table 1), some studies still enriched aptamers binding in nanomolar ranges. 

These studies investigated and optimized initial ligand concentrations, applying sharper concentration 

drops across selection rounds, and using counter-selection to target similar molecules and increase 

specificity.[9, 38] Another possible improvement could be using longer capture ODNs, which could steer 

the selection toward sequences with tighter binding affinities by making it harder for the target to cause 

the RNA to detach. These minor adjustments to the selection protocol may significantly improve the 
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performance, and the high-throughput systematic testing would enable rapid testing of optimal 

conditions.  

The current success rate of the established robotic platform was 30%, corresponding to the share of 

targets for which aptamers with determined affinities were successfully enriched. Similarly, previously 

reported success rates for SELEX targeting various molecules remain relatively low, especially for small 

molecules.[80] Multiplexed selection studies show that only a small fraction of tested ligands yield 

functional aptamers or biosensors, reporting in Townshend, et al. [79] a successful identification of RNA 

biosensors for only 217 targets out of a 5,120-target library. Thus, despite some limitations, the robotic 

platform helps improve the SELEX methodology, transforming an operator-dependent process into a 

standardized, high-throughput, and reproducible pipeline.  

While the first publication focused on efficiently generating aptamers, the following one highlighted 

how these aptamers can be easily transformed into functional biosensors without needing knowledge of 

their structure. RNA-based fluorescent sensors are valuable tools for the real-time detection of small 

molecules in living systems; however, designing these sensors typically requires detailed structural 

knowledge of both the aptamer and the fluorogenic RNA reporter. Additionally, the labour-intensive 

process of linking aptamers to reporters often yields constructs that are difficult to adapt or modify. This 

challenge was addressed by developing a modular, allosteric strategy in which aptamers are linked to 

fluorogenic RNAs, such as Broccoli or Red Broccoli, via docking sequences and flexible linkers. This 

design enables the target metabolite to induce conformational changes that release the fluorogenic 

domain, allowing it to fold and activate fluorescence. Previously, a similar strategy has been employed 

by You, et al. [58] and Geraci, et al. [52], where they utilized either a natural riboswitch targeting thiamine 

pyrophosphate (TPP) or a selected aptamer targeting fructose 1,6-bisphosphate, respectively, linked to 

the spinach or baby spinach fluorogenic aptamer. They utilized the complementary interaction between 

two modules to activate or deactivate the fluorescence signal by ligand addition. To enhance the 

functionality of the hybrid, You, et al. [58] optimized the transducer sequence of the spinach 

complementary part to TPP riboswitch and linker sequence connecting both modules, to achieve the 

highest turn-on values for the TPP RNA-based sensor. Furthermore, Geraci, et al. [52] randomized the 

linker and end part of the ligand-binding aptamer structure to select functional sensors via droplet sorting 

that could allosterically operate in the presence of the fructose 1,6-bisphosphate target. This study builds 

on a similar idea by completely randomizing the selection library, enabling de novo aptamer selection 

for any small-molecule target. The established capture-SELEX platform would allow simultaneous use 

of the docking sequence for library immobilization to interact with a fluorogenic aptamer.[78] 

As a proof of concept, five libraries (SE4–SE12) with varying degrees of complementarity to Broccoli 

were designed. The complementary sequence of the Broccoli was chosen from the same region of the 

Red broccoli sequence to facilitate easy switching between the two fluorogenic aptamers later. SE8 

library was selected as the most effective one. This test aimed to find the optimal balance between the 
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hybridization energies of the ligand-binding aptamer and the fluorogenic aptamer. The goal was to 

ensure that the energy was strong enough to prevent Broccoli from folding in the absence of the ligand, 

but not so strong as to allow the ligand-binding aptamer to be displaced when the target molecule was 

present. Since these libraries lacked binding properties, a capture ODN was used for testing. A capture-

SELEX was then carried out using thiamine pyrophosphate (TPP), and the enriched aptamers were 

analysed by next-generation sequencing. TPP-targeting RNA aptamers were manually enriched using 

the previously established procedure on the robot (publication 1).[78]  

Specific aptamers (notably S1 and S5) were identified from these libraries and demonstrated the ability 

to bind TPP and activate fluorescence when linked to Broccoli via optimized linkers. By fine-tuning the 

linker composition, including the addition of adenosine-rich spacers, the sensor’s dynamic range was 

significantly improved. The specificity test demonstrated that the sensors responded strongly to TPP and 

thiamine monophosphate, with minimal activation by thiamine or unrelated nucleotides, such as GDP 

and ATP. This design was modular, allowing easy replacement of Broccoli with Red Broccoli to create 

red-shifted sensor variants without compromising functionality. This confirmed that this strategy is 

versatile and not limited to a single fluorogenic domain, but rather represents a general approach to 

building light-up RNA sensors. 

Although significant progress was made, challenges remain and highlight areas needing further work. 

The binding affinities of aptamers selected by capture-SELEX, although sufficient for proof-of-concept 

sensors, need to be improved to match or surpass those of natural riboswitches. This may involve 

refining selection pressures, incorporating counterselections, or using droplet microfluidic platforms 

that enable sorting individual aptamers with higher affinities, thereby increasing the affinity of selected 

aptamers and the success rate of selections targeting different ligands. Following new findings from 

systematically investigated SELEX conditions and target-tailored structural libraries in several 

studies[38, 69], these limitations could be overcome, especially with the help of a high-throughput and 

operator-independent platform. Alkhamis and Xiao [38] presented a well-designed selection process that 

focuses on investigating specific target concentrations and utilizes multiple similar analogs for counter-

selection. Their findings suggest that starting with lower target concentrations and then sharply reducing 

them during selection can yield aptamers with stronger affinities. They also employed a thoughtful 

counter-selection strategy, emphasizing its significance. Furthermore, Yang, et al. [69] created a method 

for guiding aptamer selection by examining how specific chemical functional groups in small-molecule 

targets influence binding. They then applied this knowledge to design modified SELEX strategies that 

effectively produced aptamers for challenging targets, including leucine and voriconazole, which had 

previously been resistant to selection. Improvements to the already selected aptamers could also be 

achieved through the degeneration of the aptamer sequences to incorporate additional variability, along 

with repeated and more stringent selection processes to fine-tune the structure of the existing 

aptamer.[103-104] Additionally, a further characterization and truncation of the aptamer sequence might 
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improve the aptamer’s binding affinity.[105-106] Last but not least, droplet sorting proved to be an efficient 

method for RNA-sensor selection, as it allows the selection of the best-performing sensors based on 

their functionality.[52, 90] 

While only a proof-of-principle selection for one target was demonstrated using only Broccoli and Red 

Broccoli as the signalling modules, this method could be applied to any ligand molecule coupled with 

any fluorogenic aptamer. The performance of sensors can be improved by investigating alternative 

fluorogenic RNAs and linker structures and testing them in cellular environments. Furthermore, 

computational methods, such as machine learning-based prediction of aptamer folding and target 

recognition, could accelerate both selection and sensor design.[107-108] Similar significant progress has 

been made in the protein field, including the de novo design of protein structures, enzymes, logic gates, 

and molecular switches.[109-111] Addressing these developments, future work could produce aptamers and 

sensors with affinities and dynamic ranges comparable to natural biological systems.  

Furthermore, a crucial next step in validating the functionality of the established TPP sensor is to 

demonstrate intracellular expression and confirm that it can detect variations in TPP levels within cells. 

Although this was not presented in this study, several other publications show successful employment 

of such sensors within cells and their reversible sensing ability. In this pioneering publication, Paige, et 

al. [31] successfully showcased imaging of the dynamic changes and cell-to-cell variation in the 

intracellular levels of adenosine 5′-diphosphate (ADP) and S-adenosylmethionine (SAM) in Escherichia 

coli. Furthermore, You, et al. [58] presented a TPP sensor and its intracellular application to track TPP 

levels, which were manipulated by the addition of adenosine, an inhibitor of de novo TPP biosynthesis. 

On the other hand, RNA sensors have also been employed to image RNA polymerase III transcription 

[87] and to detect endogenous mRNA within eukaryotic cells.[112] Since the RNA’s half-life within cells 

is relatively short, Litke and Jaffrey [113] have presented an additional approach to tackle this problem. 

Their work describes a Tornado system that can circularize aptamers within cells by employing Twister 

ribozymes encoded within the transcripts that autocatalytically cleave and produce the same 5′ hydroxyl 

and 2′,3′-cyclic phosphate ends. This approach significantly increased the aptamer’s concentration 

within cells, consequently improving both the fluorescence signal and the half-life of RNAs within 

eukaryotic cells. They also presented the F30 three-way junction scaffold, which, for example, 

incorporates a fluorogenic aptamer into one stem, while the remaining two stems hold the ligand-binding 

aptamer and the ligated stem from Tornado. This approach, utilizing the Tornado and F30 scaffold, is a 

valuable tool for further developing sensors that can be generated using this modular system and robotic 

platform to design intracellular sensing devices. As an additional step in this study, the functionality of 

the selected S1 and S5 TPP sensors was tested within the F30 scaffold for future application, either with 

or without the adenosine-rich linker between the Broccoli and TPP-aptamer. Incorporation of the S5 

sensor with an adjusted PolyA linker resulted in a TPP-dependent increase in fluorescence signal, 
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confirming that the structure of the S5 sensor remains viable within the F30 scaffold and can be used 

for intracellular applications (not presented in the publication). 

Together, these two studies form a connected and complementary framework for the future of RNA 

aptamer technology. The robotic-assisted capture-SELEX platform tackles the challenge of generating 

aptamers quickly, reproducibly, and with minimal manual effort, ensuring a reliable supply of candidate 

binders against a wide range of small molecules. The modular RNA sensor approach enables turning 

these binders into functional biosensors without requiring in-depth structural knowledge or significant 

re-engineering. By linking automated discovery with modular deployment, the two studies enable a 

continuous pipeline from selection to application. 

Advances presented in these studies can have several implications. In diagnostics, RNA sensors could 

be used to detect metabolites or disease biomarkers, enabling early diagnosis and tailored treatment 

plans.[114-115] Additionally, they can be employed for assay development of in vitro transcription 

efficiency investigation or intracellular mRNA trafficking.[112] In synthetic biology, aptamer-based 

sensors could be incorporated into gene circuits to control expression based on metabolite levels through 

several mechanisms, such as U1 splicing, alternative exon skipping, or miRNA-mediated gene 

expression regulation. Environmental monitoring also provides an opportunity for sensors to identify 

pollutants or toxins with high precision and sensitivity.[116] Therapeutic applications are also promising, 

as sensors could be developed to track drug levels in patients and adjust dosing in real-time.[9, 83] 

Additionally, aptamers were successfully utilized in the targeted delivery of mRNA-based 

therapeutics.[91] 

In conclusion, this thesis establishes a scalable and adaptable pipeline for RNA aptamer discovery and 

deployment. By integrating automated selection with modular sensor engineering, the work provides a 

generalizable strategy for transforming molecular recognition into functional RNA devices. This 

framework lays the groundwork for future applications in biosensing, synthetic biology, and RNA-based 

diagnostics, where standardized discovery and rapid aptamer functionalization are essential. 
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ABBREVIATIONS 

 

Table 2. List of abbreviations. 

Abbreviation Meaning 

ADP Adenosine diphosphate 

ATP Adenosine triphosphate 

BEAMing Beads, Emulsion, Amplification, Magnetics  

bio-RV primer Biotinylated reverse primer 

cAMP Cyclic adenosine monophosphate 

cDNA Complementary DNA 

cDNA-amplicon-seq Sequencing of cDNA amplicons 

CE-SELEX Capillary electrophoresis-SELEX 

CleaveSeq High-throughput cleavage-based characterization assay used with 

DRIVER 

DNA Deoxyribonucleic acid 

dNTP Deoxynucleoside triphosphate  

DFHO 3,5-difluoro-4-hydroxybenzylidene imidazolinone-2-oxime 

DFHBI 3,5-difluoro-4-hydroxybenzylidene imidazolinone 

DFHBI-1T (Z)-4-(3,5-difluoro-4-hydroxybenzylidene)-2-methyl-1-(2,2,2-

trifluoroethyl)-1Himidazol-5(4H)-one) 

DS Docking sequence  

DSc Docking sequence complement 

DRIVER De novo Rapid In Vitro Evolution of RNA biosensors 

E. coli Escherichia coli 

EAB Electrochemical aptamer-based  

EMSA-SELEX Electrophoretic mobility shift assay-SELEX 

EtBr Ethidium bromide  

FACS Fluorescence-activated cell sorting 

FP  Fluorescence polarization  

FW Forward primer 

G/C (content) Guanosine/cytidine content of an oligonucleotide (GC%) 

GFP Green fluorescent protein 

GO Graphene oxide 

GO-SELEX Graphene oxide-assisted SELEX  

GTP Guanosine triphosphate 

HDB High-density beads 

HEPES 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid  

HDV  Hepatitis delta virus  

HHR Hammerhead ribozyme 

ITC Isothermal titration calorimetry 

IVT In vitro transcription 

K⁺ Potassium ion 

LDB Low-density beads 

Mg²⁺ Magnesium ion 
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Abbreviation Meaning 

miRNA MicroRNA 

mRNA Messenger RNA 

n.a. Not applicable 

N  Randomized nucleotides of indicated length in a library  

NGS Next-generation sequencing 

NTC No-template control  

nt Nucleotides  

OBI 3,5-difluoro-4-hydroxybenzylidene-imidazolinone-2-oxime-1-

benzoimidazole 

ODN Oligodeoxynucleotide  

ORF Open reading frame 

PBS  Phosphate-buffered saline  

PBS (library) Primer-binding site  

PCR Polymerase chain reaction 

RNA Ribonucleic acid 

RISC RNA-induced silencing complex 

rpm Revolutions per minute  

SA  Streptavidin  

SAM S-adenosyl-L-methionine 

SEC-SELEX Size-exclusion chromatography-SELEX 

SELEX Systematic Evolution of Ligands by EXponential Enrichment 

SEREX  Systematic Evolution of Riboswitches by EXponential enrichment 

S1P Sphingosine-1-phosphate 

ssDNA Single-stranded DNA 

T7 promoter Promoter recognized by T7 RNA polymerase 

Tm Melting temperature  

TPP Thiamine pyrophosphate 

TP Thiamine monophosphate 

Tris-HCl Tris(hydroxymethyl)aminomethane hydrochloride 

U1-snRNP U1 small nuclear ribonucleoprotein 

UTR Untranslated region  

dsDNA Double-stranded DNA 

RV Reverse primer 

5-IP7 5-diphospho-myo-inositol pentakisphosphate 
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Robotic-Assisted Capture-Systematic Evolution of Ligands
by Exponential Enrichment of RNA Aptamers Binding to
Small Molecules
Tjasa Legen and Günter Mayer*

Due to their small size, stability, and cost-effectiveness compared
to antibodies, aptamers developed by systematic evolution of
ligands by exponential enrichment (SELEX) are promising candi-
dates for the detection of small molecules. In SELEX, a small target
molecule is usually covalently immobilized on a surface to sepa-
rate bound from unbound nucleic acid sequences. However, this
immobilization alters the molecule, that is, additional chemical
entities are added and the electron distribution is altered,
compromising the enrichment properties. To overcome this prob-
lem, a capture SELEX method has been successfully developed in

which the RNA or DNA libraries are bound to a surface via a com-
plementary oligodeoxynucleotide, and the soluble ligand is used
to capture nucleic acids that bind to it from that surface. Herein,
the development of an automated version of the capture SELEX
method for the identification of RNA aptamers that bind small
molecules is described. This method is fully automated and per-
forms up to 12 iterative selection cycles without manual interfer-
ence in 72 h. The approach is therefore suitable as rapid route to
aptamers and enables resource-efficient test selections to assess
“aptamerogenicity” of a target.

1. Introduction

Systematic evolution of ligands by exponential enrichment
(SELEX) was introduced as an in vitro technique designed to
enrich binding molecules from an oligonucleotide library of
�1015 different sequences. Although the method was introduced
as early as 1990,[1,2] standardized procedures for selecting
aptamers that target a wider range of molecules are lacking.
Instead, there are different versions of the procedure, which
mainly depend on the used target molecule, the separation
methodology, or buffer compositions.[3] Besides these in vitro var-
iations, in vivo selection methods were developed that make use
of mouse models to target tissue.[4,5] In this regard, a plethora of
variants of the selection procedure have been established, that
are effective in selecting aptamers that bind to different target
molecules. However, these methods are hardly comparable in
their results, as they were often revised from experiment to
experiment and the conditions within a single SELEX experiment
were adapted. Therefore, streamlining the SELEX process is an

important task that would allow the results to be compared
and, if done quickly, the targeting accuracy of a molecule with
aptamers to be determined rapidly. To achieve this, we established
automated and standardized selection procedures of aptamers
binding to proteins.[6,7] We focused on targeting small molecules
and to avoid problems associated with target immobilization on
solid supports, we choose the capture SELEX method.[8] The main
steps of capture SELEX are immobilization of RNA libraries to mag-
netic beads using a complementary oligodeoxynucleotide (ODN),
the elimination of weakly bound sequences, the recovery of bind-
ing sequences by the addition of the small target molecule, fol-
lowed by the amplification and in vitro transcription of the
enriched sequences. For efficient automatization, each step had
to be specifically tailored and optimized for a robotic platform.
We describe the development of an automated SELEX procedure
and its application for the selection of aptamers that target several
small molecules. We evaluated different strategies for selecting
aptamers using the test target neomycin B and used the most
effective strategy to select aptamers for various small molecules.
The developed process is fast and enables the high-throughput
identification of RNA aptamers that bind to small molecules.

2. Results

2.1. Optimization and Adaptation of Capture SELEX for Use
on the Robotic Platform

In capture SELEX, the RNA library is immobilized on a matrix by
hybridization to a complementary oligodeoxynucleotide (cap-
ture-ODN) with a docking sequence embedded in the RNA library
(Figure 1A). Sequences that bind to a target molecule and
undergo conformational changes can no longer hybridize to
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the capture-ODN and are therefore recovered, amplified by
reverse transcription (RT)-polymerase chain reaction (PCR), and
used in subsequent selection cycle after transcription into RNA
(Figure 1B). We began the implementing capture SELEX in an
automated process by using libraries generated from primer
binding sites previously used in automation[6,9,10] and docking
sequences used in capture SELEX studies (Figure 1A).[8] In our
design, the docking sequence is flanked by a 10 nt upstream
and a 30 nt downstream random region (Figure 1A).

We have set up our robotic platform to eliminate the need for
manual handling during the enrichment procedure. This elimi-
nates the nucleic acid purification steps that are usually carried
out in manual capture SELEX experiments. To implement this
concept, we transferred the RNA-target complexes obtained dur-
ing the SELEX process directly into the RT-PCR reaction. After
amplification, an aliquot of the unpurified PCR products was used
as a template for transcription in vitro.[6] To optimize the process,
we added magnetic streptavidin beads modified with capture-
ODNs to the transcription mix. As the RNA is transcribed, it binds
to the capture-ODNs on the beads. We analyzed whether the
addition of beads without or coupled with capture-ODNs affected
the transcription efficiency, but no noticeable difference in RNA
yield was observed in the presence or absence of the beads
(Figure 1C). This effect was also independent of the presence
of a docking sequence (DS) in the RNA library (Figure 1C). After

removal of the reaction solution, we thoroughly washed the beads
to eliminate nonspecifically bound RNA. Subsequently, the cap-
tured RNA was recovered from the beads with 8 M urea, and
the RNA obtained was compared using denaturing polyacrylamide
gel electrophoresis (PAGE) (Figure 1C). Our results showed that the
RNA binds specifically to the capture-ODNs on the beads and that
only small amounts of RNA bind to streptavidin beads without
capture-ODN as well as only small amounts of RNA without a dock-
ing sequence bind to capture-ODN-beads (Figure 1C).

2.2. Manual Capture SELEX with High- and Low-Density
Capture-ODN Beads

We first tested two different capture SELEX approaches, which
differ in the way the RNA library is captured on the beads. In
the first approach, the beads were saturated with capture-
ODNs before the RNA library was immobilized.[8] In the second
approach, the RNA library and capture ODNs were incubated
in solution in equal amounts and then immobilized on the
beads.[11] The main difference between these two methods is that
in the first approach, more residual free ODNs remain coupled on
the beads because the spherical shape of the beads prevents
complete hybridization with RNA. In the second approach, the
amount of capture-ODNs on the beads that are not bound to
RNA is low. We named the two methods “high-density beads

Figure 1. Capture SELEX optimization for automated selection of RNA aptamers targeting small molecules. A) Scheme of RNA library flanked by PBS
and a constant 12-nt DS positioned between N10- and N30-long random region. B) Scheme of RNA capture SELEX. Main steps are 1) capturing of RNA
to short oligodeoxynucleotides (ODN) during transcription, 2) coupling of RNA-ODN duplexes on magnetic beads and removing of weakly bound
sequences, 3) elution of binding sequences by addition of a target solution, and 4) reverse transcription and amplification (RT-PCR) of dissociated
sequences. SA: streptavidin. C) RNA library with or without DS was either transcribed in the absence of beads, presence of empty beads, or presence of
ODN-beads complexes complementary to the DS. RNA captured onto the beads was eluted by 8 M Urea and it is depicted with RNA on beads on the
gel. RNA can be transcribed and captured to the ODN-beads, with almost no unspecific interaction. D) Radioactive binding studies with the round 12
library (R12) of neomycin B selection using HDB selection or LDB selection compared to the SL. Captured RNA was either eluted with the selection
buffer (nonspecific dissociation) or with 1 mM of neomycin B (specific dissociation). Scheme of the difference of HDB versus LDB is shown above the
bars. The selection with LDB shows much greater and specific binding. Error bars show standard deviation (n= 2). Unpaired t-test p< 0.0001.
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(HDB) selection” and “low-density beads (LDB) selection” and per-
formed twelve selection cycles with neomycin B as target mole-
cule, since it is known to be suitable for capture-SELEX.[12] After 12
selection cycles, we evaluated the binding of the enriched librar-
ies using Cherenkov measurement and 32 P-labeled RNA. The spe-
cific recovery of bound sequences by adding neomycin B [1 mM]
was observed and compared with the values of the starting
library. In addition, we analyzed the nonspecific sequence recov-
ery using a buffer without neomycin B (Figure 1D). Remarkably,
the nonspecific sequence dissociation remained consistent
across all three libraries (Figure 1D). However, specific recovery
increased slightly for the HDB-enriched and strongly for the
LDB-enriched RNA library. The enriched libraries also showed
an increase in capture properties regardless of the method used
(Figure S1, Supporting Information).

2.3. Robotic Capture-SELEX

Due to its more pronounced enrichment, we chose the LDB vari-
ant for implementation on the robotic platform to select RNA

aptamers binding to small molecules. The first automated capture
SELEX was performed using neomycin B. Analysis of the PCR
products from each selection cycle showed a constant amplifica-
tion behavior without significant occurrence of by-products
(Figure S2, Supporting Information). All selections followed the
same stringent conditions, as described in Table 1, Supporting
Information. Interaction analysis of the enriched library shows
enhanced binding to neomycin B (Figure 2A). We performed
next-generation sequencing (NGS) of both manual (Figure 1D)
and the robotic capture SELEX. The number of unique sequences
in the LDB selections showed a similar trend, whether performed
manually or automated. The HDB-variant evolved more slowly
and to a lesser extent (Figure 2B). The nucleotide distribution of
the RNA from the 12th selection cycles shows the accumulation
of different patterns, but is less pronounced in the manual LDB
selection (Figure S3, Supporting Information). Among the 20 most
abundant sequences in all three selections, only one sequence
appeared in all three selections, while two sequences were
shared by the LDB variants (Figure S3A, Supporting Information).
Motif analysis across all three SELEX experiments revealed two
motifs specific to the HDB strategy only and three motifs found

Figure 2. NGS analysis and comparison of different selection strategies for neomycin B. A) Radioactive binding studies of monoclonal sequences enriched
through different capture-selection strategies compared to round 12 of manual and robotic selection. The first two most enriched sequences were chosen
in each selection strategy. Applied target concentration was 1mM. Error bars show standard deviation (n= 2). B) Graph of unique sequences in different
selection rounds. The sequences are enriched later in the selection with HDBs as in the selection with LDBs. The enrichment rate of sequences in manual
versus robotic (robo) selection is almost equal. C) Affinity of aptamers HDB1, LM1, and LR1 toward neomycin B target measured by ITC. Kd of HDB2, LM1,
and LR1 aptamers is 55.9� 3.57 μM, 38.0� 2.10 μM, and 34.7� 1.97 μM, respectively. 1 mM of neomycin B was titrated to 20 μM of the respective aptamer.
D) Specificity of the LR1 aptamer measured by FP. The aptamer binds to neomycin B and kanamycin B, but not to other targets: ampicillin, cAMP, theoph-
ylline, and L-arginine. Target concentration is 100 μM. The concentration of capture-ODN and aptamer LR1 was 100 nM and 500 nM, respectively. Error bars
show standard deviation (n= 3).
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common to all strategies, underlining the reproducibility of per-
formance (Figure S4B,C, Supporting Information).[13]

Next, we evaluated the binding properties of the most
enriched sequences from all three SELEX experiments (Figure S4D,
Supporting Information). We selected the two most enriched
sequences from each selection and, by this test, covered all motifs
and sequences found in all three selections or both LDB selec-
tions (Figure S4, Supporting Information). Although the two most
enriched sequences in HDB selection, HDB1 and HDB2, had a high
frequency (10.4% and 10.0%, respectively), they displayed low
binding intensities according to Cherenkov measurements
(Figure 2A, Figure S4, Supporting Information). In contrast, the
most enriched sequences from the manual LDB (LM1 and
LM2; 9.8% and 7.9%, respectively) and the robot-assisted LDB
(LR1 and LR2; 33.7% and 26.9%, respectively) showed a stronger
binding (Figure 2A, Figure S4, Supporting Information).

The interaction of the sequences with neomycin B and the
approximate kinetics of binding were further analyzed by using
a fluorescence polarization assay, as previously described in
Legen and Mayer.[14] The assay utilizes the hybridization of fluo-
rescently labeled short ODNs to the RNA docking sequence,
which increases the polarization. Conversely, RNA bound to
the ligand when present in solution, results in decreased polari-
zation. After initial assay optimization, the binding of various
enriched RNA libraries to neomycin B, that is, starting library
(SL), and the enriched libraries from HDB, LDB manual, and
LDB robotic selections, and an improved LDB selection later dis-
cussed in section. Automated capture selection for different
ligands was tested using 100 μM of the neomycin B target in
the solution. Figure S5A, Supporting Information showed a
decrease in fluorescence polarization for the RNA libraries from
the selections performed with LDB as opposed to HDB, consistent
with the results from Cherenkov measurements (Figure 1D and
Figure 2A). In addition, binding of monoclonal sequences
selected for neomycin B was examined. Aptamers LM1, LM2,
LR1, and LR2 showed strong binding to the target, while HDB1
and HDB2 showed weak or no binding, respectively (Figure S5B,
Supporting Information), consistent with the results from the
radioactive binding assay (Figure 2A).

To increase the sensitivity of the assay for low-affinity binding
aptamers and to increase the dynamic range, the stability of the
ODN-RNA duplexes was adjusted. ODNs of different lengths from
8 to 12 nucleotides or an ODN with a point mutation were used.
The annealing efficiency of different ODN lengths was observed,
with all ODNs annealing efficiently to the LM1 aptamer except the
8-nt ODN (Figure S5C, Supporting Information). Subsequently, the
dynamic range of different ODN lengths that annealed efficiently
to the LM1 aptamer was examined, with the 9-nt ODN showing
the highest fluorescence polarization change between free RNA
and RNA with the target (Figure S5D, Supporting Information).

Finally, we used shortened, fluorescently labeled ODNs to
titrate different concentrations of neomycin B to aptamers
HDB1, LM1, and LR1 (Figure S6A, Supporting Information), and
determined the approximate affinity to be 10 μM, 4 μM and
3 μM, respectively. Furthermore, we designed a scrambled
sequence of LM1 aptamer (ScrLM1) to show that the aptamers’

binding is sequence-specific. In fact, as shown in Figure S6B,
Supporting Information, we observed no detectable decrease
in fluorescence polarization when neomycin B was added to
the capture ODN and ScrLM1 hybrid. Next, we utilized isothermal
titration calorimetry (ITC) to confirm and more accurately deter-
mine the dissociation constants (Kd). Due to the elevated differ-
ential power (DP) values observed during the titration of
neomycin B in buffer (Figure S6C, Supporting Information), we
subtracted the heat generated by ligand titration in buffer from
the heat generated by the titration of the ligand to the respective
aptamers (Figure 2C). This time, we examined the affinity of the
HDB2 aptamer instead of HDB1, since we wanted to determine
the detection limit for affinity that could not be identified using
radioactive or fluorescence polarization assays (Figure 2A,
Figure S5B, Supporting Information). The Kd-value for all three
aptamers was determined in the micromolar range (HDB2:
55.9� 3.57 μM, LM1: 38.0� 2.10 μM, and LR1: 34.7� 1.97 μM,
Figure 2C).

In addition, the LR1 aptamer was found to bind to neomycin B
and kanamycin B when used in a fluorescence polarization assay,
but did not interact with ampicillin, cAMP, arginine, or theophylline
(Figure 2D). Therefore, we examined the binding affinity of the LR1
aptamer to kanamycin B. The heat generated by kanamycin B titra-
tion in the buffer was again subtracted from kanamycin B titration
in the LR1 aptamer solution (Figure S6D, Supporting Information).
ITC measurements revealed that the LR1 aptamer had an affinity
for kanamycin B of 130.0� 30.9 μM, which is almost four times
lower than the affinity of LR1 for neomycin B (Figure S6E,
Supporting Information).

2.4. Automated Capture Selection for Different Ligands

After having established an automated capture SELEX process,
we extended the approach to other small molecule targets. In
this context, we used L-arginine and theophylline, which had pre-
viously been used in the selection of RNA aptamers.[15,16]

Unfortunately, after the fourth round of automated SELEX, the
PCR profiles showed a shortening of the DNA, indicating an
unsuccessful enrichment process and the occurrence of so-called
molecular parasites (Figure S7, Supporting Information). Our
hypothesis for the shortening of the DNA was that the initially
high target concentration in the transcription mix (90 μM) pre-
vented the transcribed RNA molecules from binding to the cap-
ture ODN and instead favoring their binding to the target. As a
result, only sequences that dissociated nonspecifically were
advanced to the next selection step. These sequences, which
did not need the random region for their evolution, could have
lost it to amplify more efficiently. This phenomenon did not occur
with neomycin B, probably because its binding ability was weak-
ened by the repeated heating and cooling cycles during PCR and
prolonged incubation at 37 °C during in vitro transcription reac-
tion.[17] Although all three molecules are relatively stable at 95 °C,
repeated heating and cooling can lead to degradation over time.
Of the three, theophylline is the most stable up to about 270 °C,
and retains much of its structure with moderate temperature var-
iations.[18] L-arginine starts to degrade at about 180 °C,[19] while
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neomycin B can degrade at slightly lower temperatures with
repeated heat exposure,[20] making neomycin B less thermally sta-
ble than theophylline and arginine, which could be the cause for
observed selection failure. Of note, lowering the initial concentra-
tion of neomycin B to 50 μM and 5 μM or performing 12 selection
cycles without the target resulted in a degree of DNA truncation
similar to that seen in other unsuccessful selections (Figure S8,
Supporting Information).

Based on these observations, we modified the automated
capture-SELEX procedure and purified the PCR product from
the target before proceeding to the transcription step. To do
this, we separated the RT from the amplification step. In the
optimized version, RT occurred in the presence of a biotinylated
reverse primer and immobilization of the thus biotinylated
cDNA to streptavidin-coated magnetic beads (Figure S9,
Supporting Information). The supernatant containing the target
molecule was then removed and the PCR mix was added to
amplify the immobilized cDNA. With the optimized method,
the truncation of DNA during SELEX was reduced, although
shorter bands occasionally appeared, but they never dominated
the library. Remarkably, these by-products did not reappear
after reamplification or visualization by denaturing gel electro-
phoresis, suggesting they could be secondary structures or
single-stranded DNA (Figure S10, Supporting Information). We
applied the optimized capture-SELEX scheme to 13 target mol-
ecules that varied in chemical structure and functionality
(Figure 3A, Figure S11, Supporting Information). Cherenkov
measurements of the enriched libraries showed binding to
neomycin B, theophylline, and riboflavin, and to a lesser
extent to all other targets except galactose, where the amplified
band weakened after round six (Figure S12C, Supporting
Information).

NGS analysis of the enriched libraries showed a strong decline
of unique sequences for the selection using neomycin B after the
fourth selection cycle, whereas for the other targets, a decline in
unique sequences only began after the sixth round, and to a
much lesser extent (Figure 3B).

2.5. NGS Analysis and Interaction Properties of Monoclonal
Sequences

After NGS analysis, we took a deeper look at the enrichment pro-
files of each selection and its most enriched sequences. We found
that several identical sequences were enriched during the course
of selections, which target different small molecules (Figure S13,
Supporting Information). However, the frequency of these
sequences in the enriched libraries was close to zero until the
fourth cycle of selection, and most sequences only began to accu-
mulate after the sixth cycle. Some of the sequences (i.e. 1, 3, 4, 6,
and 7) were tested for binding, but none of them showed binding
to the tested targets (data not shown). We hypothesized that for
the selections with little enrichment success, well-amplifying
sequences were preferentially enriched, independently of the tar-
get used, so that the enriched sequences were identical for selec-
tions targeting different ligands.

Next, we searched for the most promising sequences in all
selections and examined their binding. As shown in Figure S14,
Supporting Information, the 100 most enriched sequences
were sorted into different families with no more than 5 point
mutations (PM) (only up to six families or 18 families were pre-
sented in the case of ppGpp). In addition, common motifs among
the 100, the most enriched sequences were identified using the
MEME suite tool for motif discovery.[13] In some selections, spe-
cific motifs were found and at least one representative sequence
of each motif was tested for the binding. In other cases, two to
three of the most enriched sequences were tested, trying to avoid
sequences that were frequently enriched in several different
selections (Figure S13, Supporting Information). Remarkably,
the most enriched sequence in the optimized selection approach
targeting neomycin B was identical to the HDB12, LM1, and LR5
sequence, which was frequently enriched in all neomycin B selec-
tions (Figure S4,S14, Supporting Information).

The interaction of representative sequences from the selections
made (marked in Figure S14, Supporting Information with bold)
was tested using the fluorescence polarization assay. Among these

Figure 3. RNA capture SELEX with different small molecule targets. A) Binding comparison of enriched pool (EP) of different small molecule targets. Applied
target concentration was 0.1-1 mM. Error bars show standard deviation (n= 2). B) Graph of unique sequences in different selection rounds by the selections
with different small molecule targets measured by NGS. DFHBI-1 T: 3,5-Difluoro-4-hydroxybenzylidene imidazolinone-1 T,[39] HO-Trp-A: D-Tryptophanyl
Adenosine 5 0-Monophosphate Phosphoramidate,[37] m6A: N6-Methyladenosine, ppGpp: Guanosine pentaphosphate, 5-IP7: 5-diphospho-myo-inositol pentaki-
sphosphate,[21] 2SC: S-(2-succinyl) cysteine.
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sequences, LM1 and I5 from the neomycin B and 5-IP7[21] selections,
respectively, showed the strongest binding, while T1, P7, R2, and R3
showed weaker binding to theophylline, ppGpp, and riboflavin,
respectively (Figure 4A). The remaining tested sequences that
did not bind are not shown in the graph. As seen in Figure S15,
Supporting Information, different RNA libraries exhibited varying
annealing efficiencies toward the capture-ODN. Furthermore, in

Figure 4B, monoclonal sequences with identical docking sequences
were found to bind to capture-ODNs with different affinities. We
then attempted to determine the dissociation constant (Kd) of
two binding sequences by the fluorescence polarization method
and compared these values with those obtained by ITC measure-
ment. Figure 4C shows that aptamer T1 binds to theophylline with a
measured Kd of 54 μM, with no binding observed to the structural

Figure 4. Characterization of monoclonal sequences targeting various small molecule ligands. A) Binding test of various monoclonal sequences targeting
ligands such as neomycin B (LM1), arginine (A1), theophylline (T1, T2), 5-IP7 (I5), ppGpp (P7), glucose (G1), S-(2-succinyl) cysteine (S1), riboflavin (R1, R2, R3),
and cyanocobalamin (C1). Interaction was measured by FP assay utilizing Cy3-labeled 9-nt complementary oligodeoxynucleotide (ODN). In the assay, 100 nM
of Cy3-labeled capture-ODN and 500 nM RNA were used in the absence or presence of target. All values were normalized according to the FP value of Cy3-
labeled capture-ODN. Error bars show standard deviation (n= 3). B) Annealing efficiency of different monoclonal sequences to the corresponding 9-nt comple-
mentary ODN. Efficiency was measured by FP assay. In the assay, 100 nM of Cy3-labeled capture-ODN and 500 nM RNA were used. Error bars show standard
deviation (n= 3). C) Concentration-dependent binding of theophylline or caffeine to T1 aptamer measured by FP. The estimated Kd of T1 aptamer binding to
theophylline determined by the assay was �54 μM. The fluorescence change was fitted to inhibitor vs. response model. Error bars show standard deviation
(n= 3). D) Thermodynamic properties of the interaction of theophylline or caffeine with the T1 aptamer measured by ITC. The determined Kd of T1 aptamer
binding to theophylline was 70.3� 6.33 μM. 1mM of theophylline or caffeine was titrated to 50 μM of T1 aptamer. E) Concentration-dependent binding of
5-IP7 to I5 aptamer measured by FP. The estimated Kd determined by the assay was �76 μM. The fluorescence change was fitted to inhibitor versus response
model. Error bars show standard deviation (n= 3). F) Concentration-dependent binding of riboflavin to R3 aptamer measured by FP. The estimated Kd deter-
mined by the assay was �5 μM. The fluorescence change was fitted to inhibitor versus response model. Error bars show standard deviation (n= 3).
G) Thermodynamic properties of the interaction of riboflavin and R3 aptamer measured by ITC. The determined Kd was 9.88� 1.09 μM. 300 μM of riboflavin
was titrated to 20 μM of R3 aptamer.
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analog caffeine. Likewise, ITC-measured interaction of T1 and
theophylline yielded a Kd-value of 70.3� 6.33 μM, with no inter-
action observed for caffeine (Figure 4D). Similarly, Figure 4E
shows concentration-dependent binding of 5-IP7 to aptamer
I5, resulting in a calculated Kd-value of 76 μM. We attempted
to determine the binding affinity of the I5 aptamer using ITC,
but the experiment was unsuccessful due to the precipitation
of the target at high concentration. Finally, we tested the inter-
action of riboflavin and aptamer R3 by fluorescence polarization,
which resulted in a Kd-value of 5 μM, and the interaction mea-
sured by ITC yielded a value of 9.88� 1.09 μM (Figure 4 G).

3. Discussion

In our study, we sought to automate the selection of RNA aptamers
that bind small molecules by applying capture SELEX. Our initial
focus was on gaining a thorough understanding of the various cap-
ture SELEX methods described in previous work and using this
information to adapt the process to an automated format.[8,11]

The results of our experiments indicated that LDB selection
resulted in sequence enrichment with stronger recovery of RNA
in the presence of neomycin B compared to HDB selection
(Figure 1D). This difference in specific recovery of RNA species
clearly demonstrates that LDB selection outperforms HDB selection
and that the density of capture-ODNs on the beads plays an impor-
tant role in the enrichment of RNA libraries during the capture
SELEX procedure. We hypothesize that the reason for the lower
efficiency of HDB selection is that numerous free ODNs remain
on the beads, causing the captured RNA to bind to the next avail-
able ODN instead of dissociating and binding to the target. This
assumption is consistent with the fact that target molecules
prevent the RNA from rebinding to the capture-ODNs on the beads
after dissociation, rather than playing a more active role in desta-
bilizing the duplex structure between the capture-ODN and the
docking sequence in the RNA library. Furthermore, we have
successfully applied this methodology to the robotic platform
and performed it using neomycin B as a model target.

To characterize the enriched sequences of all three different
selections (manual and automated) with neomycin B in more
detail, we performed NGS analysis and compared the most
enriched sequences. Although we used the same library and
the same target, we enriched different sequences in all three selec-
tions. Nevertheless, some motifs and one sequence were retained
in all three selections (Figure S4, Supporting Information). Since we
did not find many dominating motifs in the enriched libraries
(Figure S4B, Supporting Information), we decided to test the bind-
ing of the first two most enriched sequences in each of the selec-
tions, where at least one sequence contained the motifs one to
four (Figure S4, Supporting Information) and both sequences were
present in either all three selections or both LDB selections. All six
sequences showed binding to neomycin B, but the HDB1 and
HDB2 sequences, both of which were enriched in HDB selection,
showed very weak binding. To confirm these results and determine
the Kd for subsequent ITC measurement, we performed target-
dependent displacement of a representative aptamer (HDB1,
LM1, and LR1) from fluorescently labeled capture-ODNs using

different concentrations of neomycin B (Figure 2, Figure S6A,
Supporting Information). The affinities determined were 4 μM
and 3 μM for aptamers LM1 and LR1, respectively, which were
about ten times lower as the results obtained by ITC measurement
(38.0� 2.10 μM and 34.7� 1.97 μM for LM1 and LR1 aptamer,
respectively).

However, the affinities obtained were lower than those
previously reported for neomycin B-binding RNA aptamers
(Kd� 100 nM),[12] which were selected using an immobilized tar-
get. This condition could allow for more stringent separation of
binding and nonbinding sequences. In accordance with this
notion are results of selections with the capture SELEX method,
which targets structurally similar aminoglycoside antibiotics and
resulted in micromolar affinity DNA aptamers.,[8] but low micro-
molar affinity has also been reported in other capture SELEX
aptamer publications.[22–27] This could be due to the nature of
the small molecule targets, which have fewer functional groups
with which to interact. However, aptamers with much stronger
affinities have been reported in studies using immobilized small
molecule targets.[28–30] Nevertheless, in some published studies
using the capture SELEX method aptamers have been obtained
that bound to their ligands in the nanomolar range.[31–33] Most of
these studies describe well-designed and target-specific selection
procedures that take into account the initial target concentration
and usage of several structurally similar analogs for counter-
selection in their selection approach.[32,33] Alkhamis and Xiao[33]

performed several selection experiments with flunixin. Their
results suggest that using lower initial target concentrations
and reducing its concentration very sharply during the selection
could lead to an enrichment of aptamers with stronger affinity.
They also employed a well-thought-out counter-selection
strategy, demonstrating its importance.

We also applied the automated selection strategy to select
aptamers that target other ligands (Figure 3). Although we were
able to enrich aptamers for some ligands, all tested aptamers still
bind in the micromolar range (Figure 4). Therefore, we believe that
adjusting the ligand concentration specifically for each target
could improve the affinity of selected candidates and increase
the overall success rate. The high-throughput platform would also
allow several selection experiments to be carried out simulta-
neously for each target, since, as we have also shown in Figure S8,
Supporting Information, if the starting target concentration is too
low, this could lead to the loss of binding sequences and to the
appearance of selection artifacts, for example, truncation of the
library in the early selection cycles. To improve the specificity of
selected aptamers, one could introduce additional elution with
counter targets or add the counter targets to the washing buffer
solution, although neomycin B and theophylline binding aptamers
selected with the current method show fairly specific interactions
with respective targets (Figure 2A and Figure 4C,D). Another way to
improve the affinity of enriched aptamers would be to gradually
extend the capture-ODN:RNA complex by using longer capture-
ODNs in the selection procedure. This way, ligand interactionwould
have to prevent rebinding of RNAsmediated by longer base-pairing
sites, thus directing selection toward more tightly binding
aptamers. The studies mentioned above, which yielded aptamers
in the nanomolar range, also used the position of the docking
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sequence at the 5 0 end of the library.[32,33] This could also contribute
to the enrichment of aptamers with higher affinity. However, no
studies have yet been carried out in which the length and position
of the docking sequence and its effects on the enrichment of
high-affinity binding aptamers are systematically investigated.
We therefore believe that our platform, which allowsmultiple selec-
tion processes and is operator-independent, enables deeper explo-
ration and a better understanding of the SELEX process.

We also presented a quick and easy fluorescence polar-
ization assay that serves as a cost-effective alternative to time-
consuming radioactive binding assays because it does not require
RNA labeling and expensive magnetic beads. A further advantage
was the possibility of automation with spectrophotometric plate
readers attached to the pipetting station. Using enriched libraries
and monoclonal sequences for neomycin B, we optimized the
length of the capture-ODN that produced the greatest change
in fluorescence between the absence and presence of the ligands
(Figure S5, Supporting Information). Shortening of the capture-
ODN to 9-nt still ensured that the RNA bound well to the ODN,
but at the same time also prevented the rebinding of the RNA
to the capture-ODN in the presence of the ligand. We used the
same length of the capture-ODN to test the binding of other
monoclonal sequences targeting different ligands (Figure 4A),
but for some sequences we observed very weak binding to the
capture-ODN. We tested the concentration-dependent annealing
of several monoclonal sequences, and although all sequences
had the same complementary docking sequence to the cap-
ture-ODN, the annealing kinetics was quite different than for
the LM1 aptamer (Figure 4B). Therefore, we believe that a specific
adjustment of the aptamer concentration could help to verify bind-
ing when a shorter capture-ODN length is used.

In summary, we have demonstrated a fast and fully automated
process for selecting RNA aptamers for small molecules without
the need to immobilize the target. Furthermore, we see potential
for adapting this procedure to the selection of DNA aptamers
or even chemically modified DNA aptamers, for example,
clickmers.[34,35] In a very recent publication, an automated proce-
dure to gain DNA aptamers binding to a glycoprotein was estab-
lished.[36] In a similar manner, our platform could also be extended
to generate peptide- or protein-binding RNA aptamers using the
automated capture-SELEX approach described here. Although our
method has proven effective for most targets tested, we anticipate
that by further optimization of conditions, such as target concen-
tration and washing procedures, we will increase the success rate
of this selection method and enrich high-affinity aptamers. The
automated process allows for rapid screening of aptamer target-
ability of specific targets, and thus provides a unique approach to
stratify targets for further development and selection procedures.

4. Experimental Section

Materials

Antibiotics Neomycin B, ampicillin, and kanamycin B were
purchased from Roth, Germany. Theophylline, L-arginine, galactose,
S-(2-Succinyl)-L-cystein (2-SC), cyanocobalamin, and cAMP were pur-
chased from Sigma-Aldrich, Germany. D-Tryptophanyl Adenosine

5 0-Monophosphate Phosphoramidate (HO-Trp-A-3 0)[37] was provided
by Clemens Richerts (University of Stuttgart) and N6-Methyl-
adenosine (m6A) by Mark Helm (University of Mainz). Guanosine
pentaphosphate (ppGpp) and 5-diphospho-myo-inositol pentakisphos-
phate (5-IP7)[21] were provided by Henning Jessen and Andreas Meyer
(University of Freiburg and University of Lausanne). N6-Methyladenine
was purchased from Cayman Chemical, USA and DFHBI-1 T from Bio-
Techne, Germany. Other chemicals were purchased from Roth,
Germany.

Selection Using HDBs Approach

Oligodeoxynucleotide (ODN) beads were prepared by first washing
10mg of Dynabeads M-280 Streptavidin (Thermo Fisher Scientific)
3-times with Binding and Washing buffer (5 mM Tris, 0.5 mM EDTA,
1 M NaCl) and resuspending them in 1 mL of 5 μM ODN solution in
BWB buffer (for sequence information see Manual preparation of
RNA-oligo-beads complexes for the initial round). The mixture was incu-
bated on a rotator for 1 h at room temperature. Afterward, ODN-
beads were washed 3-times with 1 mL of 40mM Tris buffer pH 7.9
and resuspended in 150 μl. 22.5 μl of prepared ODN-beads (1.5 mg
beads, 600 pmol ODN) were mixed with 750 pmol of RNA library in
the final concentration of 40 mM Tris pH 7.9 with 35 mM Mg2þ

and incubated overnight at 37 °C and 900 rpm (for preparation of
RNA library see Manual preparation of RNA-oligo-beads complexes
for the initial round). The rest of the ODN-beads solution was stored
at 4 °C for following rounds. The next day, supernatant was discarded
and the beads were washed 6-times with 200 μl and 3-times for 5 min
with 100 μl of the selection buffer (primer binding sites (PBS), 3 mM
Mg2þ pH 7.4). Next, 50 μl of 1 mM neomycin B solution in the selec-
tion buffer was added to the beads and incubated for 15 min at 21 °C
and 900 rpm. After incubation, 45 μl of the eluate was removed from
the beads and mixed with RT-PCR solution (1x GoTaq buffer, 1.35 mM
Mg2þ, 2 mM DTT, 1 μM forward primer, 1 μM reverse primer, 0.3 mM
dNTPs, GoTaq Polymerase (Promega)). The program for RT-PCR is
described in the Automated selection. After amplification, 10 μl of
the PCR product was transferred to the transcription mix (40 mM
Tris pH 7.9, 5 mM DTT, 35mMMg2þ, 2.5mM NTPs, 0.5 mg oligo-beads,
T7-RNA polymerase (homemade)). The in vitro transcription ran for
1.5 h at 37 °C and 900 rpm. Next, the supernatant was removed and the
beads were washed 3-times for 5min with 100 μl for of the selection
buffer as done in the beginning of the round. Repeated rounds were
done in the same way with increasing stringency by decreasing target
concentration (1–0.5mM), decreasing time of incubation of beads with
the target solution (15–5 min), and decreasing the transcription time
(1.5–0.5 h). The selection was done for 12 rounds.

Manual Preparation of RNA-Oligo-Beads Complexes for the
Initial Round

The design of primer-binding sites was taken from Breuers et al.[6] and
12-nt DS design from Stoltenburg et al.[8] The DS was placed between
10- and 30-nt random region. Library was purchased as single-
stranded DNA from Ella biotech, Germany (5 0-GGGAGAGGAGGGA
GATAGATATCAA-N10-TGAGGCTCGATC-N30-TTTCGTGGATGCCACAGG
AC-3 0). Forward primer with T7 promotor (5 0-AATTCTAATACGACTCACT
ATAGGGAGAGGAGGGAGATAGATATCAA-3 0), reverse primer (5 0-GTCC
TGTGGCATCCACGAAA-3 0), and biotinylated 12-nt capture oligo-
deoxynucleotide (ODN) (5 0-biotin-18spacer–GATCGAGCCTCA-3 0) were
provided by Ella Biotech, Germany. First, RNA library was prepared by a
large-scale PCR of 10 mL by using 1 nmol of synthetized ssDNA pool.
PCR was performed with the program: (1) 95 °C 2 min, (2) 95 °C 1 min,
(3) 56 °C 1 min, (4) 72 °C 1 min, and (5) 72 °C 3 min, with repeated steps
2�4 for 5 cycles (1x GoTaq buffer, 1.5mM Mg2þ, 1 μM reverse primer,
1 μM forward primer, 0.3mMdNTPs, 5 U GoTaq polymerase (Promega)).
Produced DNA was purified by phenol/chloroform extraction followed
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by ethanol precipitation. One-quarter of the DNA was used for 1mL of
in vitro transcription (40mM Tris pH 7.9, 5mM DTT, 35 mMMg2þ,
2.5mM NTPs, T7 polymerase (homemade)). The solution was incubated
at 37 °C overnight. The next day, the RNA was precipitated by ethanol
precipitation and the pellet was resuspended in 4x PAA buffer
(5.8MUrea, 0.1 M EDTA, 10 % glycerol). RNA was separated from other
nucleic acids on 10%urea PAGE electrophoresis and the isolated band
was crushed and shaken in 0.3MNaOAc pH 5.9 for 2 h at 65 °C.
Afterward, the RNA solution was sifted through the syringe with glass
wool to remove gel particles. Finally, the RNA solution was precipitated
by Ethanol precipitation and the RNA was resuspended in ddH2O and
stored at �20 °C. For the initial round of selection, the RNA was manu-
ally captured to the beads. 1.5 nmol of RNA and 1.5 nmol of 12-nt cap-
ture ODN was mixed in 100 μl selection buffer (PBS, 3mMMg2þ pH 7.4)
and left to anneal by applying 50 °C for 15min and slowly cooling down
to 30 °C for 45min with gentle shaking. In the meantime, 2.5mg of
Dynabeads M-280 Streptavidin (ThermoFisher Scientific, USA) was
washed 3-times with 500 μl selection buffer by DynaMag-2 Magnet
(ThermoFisher Scientific, USA). Finally, the beads were resuspended
in 50 μl selection buffer andmixedwith RNA-ODN solution. The mixture
was incubated for 30min at 21 °C with gentle shaking to allow RNA-
ODN complexes to be coupled to the beads. Afterward, the supernatant
was discarded and 100 μl of fresh selection buffer was added to the
beads.

Selection Using LDBs Approach

The selection was done manually in the same way as described in
Manual preparation of RNA-oligo-beads complexes for the initial
round with following selection described in Automated selection.
Neomycin B concentration during the selection was 1�0.05 mM.
The amount of Dynabeads M-280 Streptavidin used in selection
round 2�12 was 1 mg.

Robot Preparation

The selection process was done on Biomek NXp station (Beckman
Coulter, USA) including different ALPs positions (heating/cooling
devices, freezing device, magnet, and reservoir holder), a gripper,
and a spin-8 pipette. A PCR cycler (Biometra, Germany) and a hotel,
where filter tips (Beckman Coulter, USA) were stored, were connected
to the Biomek NXp station with a gripper hand and a moving lane.
The software, which was used for the programming of the selection
process, was Biomek Software 4.1 and SAMI EX 4.1. All reagents were
stored at 4 °C and enzymes at�25 °C. Reagents were stored in 96-well
PCR plates (Starlab, Germany) and were sealed with X-Pierce film
(Sigma-Aldrich, Germany). All selection steps were performed in
96-well PCR plates (Eppendorf, Germany). The magnetic station
included magnetic rings suited for 96-well plate. To prevent evapora-
tion of the liquid in the PCR cycler, a removable auto-sealing plate lid
was utilized (Biorad, USA). The selection buffer was stored in a reservoir
(Beckman Coulter, Germany). Pipettes calibration was done before
initiation and after each selection round. The room was climatized
to 19 °C to decrease evaporation of the liquid.

Automated Selection

Before the start of the selection, all required reagents as target solu-
tion, RT-PCR mix, transcription mix, beads solution, selection buffer
(PBS, 3 mM Mg2þ pH 7.4, in the case of 5-IP7 and ppGpp selection,
ICB buffer [12mM HEPES, pH 7.7, 135 KCl, 10 mMNaCl, 3 mM
Mg(OAc)2] was used), and enzymes were prepared, aliquoted in
plates and stored at either 4 °C (reagents),�25 °C (enzymes), or at
room temperature (buffer). The whole volume of RNA-oligo-beads
solution (described in Manual preparation of RNA-oligo-beads com-
plexes for the initial round) was transferred to the incubation plate

and placed to the Biomek NXp pipetting station. The solution was
first incubated for 5 min at 21 °C with gentle shaking. Then, the plate
was moved to the magnet position and allowed beads for 2 min to be
moved to the magnet. The solution was discarded and 100 μl of fresh
selection buffer was added to the beads. Plate was moved to the
standard position and the beads were pipetted several times up
and down. The plate was again moved to the magnet position
and the same procedure was repeated once again. After the beads
were washed for the third time, the supernatant was discarded and
50 μl of 1 mM target solution in the selection buffer was added to
them. The solution was pipetted few times up and down and incu-
bated for 15min at 21 °C and 900 rpm. Afterward, plate was moved to
the magnet and 45 μl of the eluate was transferred to the 53 μl of RT-
PCR mix with the final concentration of: 1x GoTaq buffer, 1.35 mM
Mg2þ, 2 mMDTT, 1 μM forward primer, 1 μM reverse primer, and
0.3 mM dNTPs. The mix was first heated up to 65 °C for 5 min to break
the secondary structure of the RNA. Then, 1 μl of M–MLV enzyme
(Promega, USA) and 1 μl GoTaq polymerase (Promega, USA) were
added to the mixture and RNA was reverse transcribed and amplified
with the program: 1) 55 °C 10 min, 2) 95 °C 2min; 3) 95 °C 1min,
4) 56 °C 1min, 5) 72 °C 1min, and 6) 72 °C 3 min, with repeated 3-
5 steps. Afterward, 10 μl of the PCR product was transferred to the
38 μl of the transcription mix with final concentration: 40 mM Tris
pH 7.9, 5 mM DTT, 2.5 mM NTPs, 25 mMMg2þ, 4 μM 12-nt capture
oligodeoxynucleotide (ODN), and the rest of the PCR product was
stored at 4 °C. 1 μl of T7-RNA polymerase (NEB, USA) was added to
the transcription mixture and the in vitro transcription was performed
for 2 h at 37 °C with gentle shaking. Afterward, half of the transcrip-
tion mixture was discarded (25 μl) and 100 μl of 0.5 mg beads solution
was added to it in final concentration of 1x PBS with 5mM Mg2þ. The
mixture was incubated for 30min to allow RNA-ODN complexes and
beads to interact. Finally, the beads were washed 3-times with 100 μl
of the selection buffer as done in the beginning of the round.
Repeated rounds were done in the same way with increasing strin-
gency by decreasing target concentration (1–0.05 mM), decreasing
time of incubation of beads with the target solution (15–5min),
and decreasing the transcription time (2–1 h). The selection was done
for 12 rounds.

Reverse Transcription and PCR Performance on Beads

45 μl of the eluate with dissociated RNA and target was transferred to
the 54 μl of RT mix: 1x M-MLV buffer, 0.5 μM biotinylated reverse
primer, 0.5 mMdNTPs. Biotinylated reverse primer was purchased from
Ella Biotech, Germany (5 0-biotin-18spacer-GTCCTGTGGCATCCACG
AAA-3 0). First, the mixture without the M-MLV enzyme (Promega,
USA) was heated up to 65 °C for 5min to break the secondary structure
of the RNA. Afterward, enzyme was added and RT was performed
for 15min at 40 °C. Next, 0.25mg DynabeadsM-280 Streptavidin
(ThermoFisher Scientific, USA) was added to the RT mix and was incu-
bated for 30min at 21 °C with gentle shaking. The supernatant was
removed and a fresh PCR mix was added to the beads. PCR was per-
formed for different number of PCR cycles with the program: 1) 95 °C
2min; 2) 95 °C 1min, 3) 56 °C 1min, 4) 72 °C 1min, and 5) 72 °C 3min,
with repeated 2�4 step. After the PCR, the solution was removed from
the beads.

Radioactive Binding Studies

RNA was prepared as described in Manual preparation of RNA-
oligo-beads complexes for the initial round in lower volume (300 μl)
of PCR and transcription solution and was purified on a small 10%
Urea-PAGE gel. 75 pmol of pure RNA was used for 5 0 end labeling
of the RNA. First, RNA was dephosphorylated, 5 0-labeled with γ-32

P- ATP (Perkin Elmer, USA), and purified with polyacrylamide gel elec-
trophoresis. Next, one quarter of the RNA (app. 15 pmol) was mixed
with 15 pmol of 12-nt complementary oligo in the selection buffer
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(PBSþ 3mMMg2þ, pH 7.4). The solution was incubated for 1 h by
heating up to 50 °C for 15 min and slowly cooling down to 30 °C with
gentle shaking to allow RNA and oligos to hybridize. In the meantime,
0.5 mg of Dynabeads M-280 Streptavidin was washed 3-times with
the selection buffer by using DynaMag-2 Magnet and finally resus-
pended in 50 μl of the selection buffer. RNA-oligos solution was then
mixed with beads solution and incubated for 30 min at 21 °C with
gentle shaking, so the biotinylated oligos and streptavidin coupled
beads could interact. Afterward, the supernatant was removed
and saved for measurement. Beads were washed 3-times with
100 μl of selection buffer and each fraction was saved for the mea-
surement. Finally, 50 μl of 1 mM target solution was added to the
beads and was incubated for 15 min at 21 °C and 900 rpm. Eluate
was removed from beads and both fractions were saved for measure-
ment. 1 mL of ddH2O was added to each fraction and measured by
liquid scintillation counter (Perkin Elmer, USA). Final result was calcu-
lated as a percentage of the sum of all fractions: supernatant, three
washes, elution, and beads. Graph design and statistics were per-
formed using GraphPad Prism 8 software.

NGS

The starting library, the selection round pool 2, 4, 6, 8, 10, and 11 or 12
were used for NGS. The protocol was taken from Tolle and Mayer.[38]

Pools were amplified with different primers synthetized by Ella
Biotech, Germany, each having a unique 6-nucleotides extension
at the 5 0 prime end, which was used as a barcode for further NGS
analysis. A PCR reaction mix was prepared for each pool and for
an additional No Template Control (NTC), using a proofreading
Pfu-Polymerase (homemade). 1 μM of reverse and 1 μM of forward
primer with the same index sequence were added to the PCR master
mix. The mix was split and the DNA template or water for NTC was
added to it. DNA was amplified with a normal PCR program,
described in Manual preparation of RNA-oligo-beads complexes for
the initial round. PCR product was purified with Nucleospin Gel
and PCR clean-up columns (Macherey Nagel, Germany) according
to the manufacturer’s instructions. 0.125 μg of each DNA was mixed
together and used for the following step. Next, adapter needed for
immobilization and processing of the sample on the Illumina instru-
ments was ligated to the DNA sequences using TruSeq DNA PCR-Free
Sample Preparation Kit LT (Illumina, USA). Ligation was done accord-
ing to manufacturer instructions applying three procedures: “End
Repair”, “Adenylation”, and “Adapter Ligation”. The ligated products
were afterward separated on an agarose gel, cutting out only the lon-
gest sequence (app. 210 bp) with ligated adapters on both sides. The
DNA was purified from the gel using Nucleospin gel and PCR clean-
up columns, following manufacturer instructions. Finally, DNA was
eluted with the resuspension buffer (TruSeq DNA PCR-Free Sample
Preparation Kit LT) and was used for illumina sequencing with
NextSeq500 with High Output v2 chemistry. NGS analysis was done
by in-house designed software AptaNext. Graph design was per-
formed using GraphPad Prism 8 software.

RNA Displacement from Complementary Fluorescence
Labeled Oligodeoxynucleotides by Target Addition Measured
by Fluorescent Polarization

5 0-Cy3 labeled oligodeoxynucleotides (ODN) were purchased from
Ella Biotech, Germany. Sequences of different oligo lengths are pro-
vided in Table 2, Supporting Information. Polarization assay was per-
formed in final volume of 50 μl of (100 nM Cy3-ODN, 500 nM RNA,
0.1�1mM target) in 1xPBS with 3mMMg2þ and 0.005% Tween
20. First, RNA and target were mixed together and incubated for
30 min at 21 °C and 500 rpm. Second, Cy3-ODN was added and incu-
bated for another 30 min at 21 °C and 500 rpm. Finally, the solution
was transferred to the Corning 96 Well Half-Area Microplate (Sigma

Aldrich, Germany) and was measured by Tecan Ultra Micro Plate
Reader (Tecan, Switzerland) at excitation light 535 nm, and emission
light 595 nm. The fluorescence polarization (FP) values were always
normalized to the value of the 100 nM Cy3-ODN sample. Graph
design was performed using GraphPad Prism 8 software.

ITC Measurement

The RNA for affinity measurement was prepared by in vitro transcrip-
tion. After ethanol precipitation, the RNA was resuspended in the
binding buffer and further washed several times with the same buffer
on the 3 K Amicon Ultra 0.5 mL Centrifugal Filters (Merck, Germany).
Different concentrations of ligands in the syringe were titrated to
different aptamer concentrations in the sample cell, dependently
of the ligand-aptamer pair. For the titrations with neomycin B- and
kanamycin-aptamers pairs, we titrated the ligand in 38 injections:
first injection of 0.4 μl and subsequent 37 injections of 1 μl. With
theophylline- and riboflavin-aptamer pairs, we titrated the ligand
in 38 injections 0.4 μl and subsequent 18 injections of 2 μl. The affin-
ity was measured on MicroCalTM PEAQ-ITC (Malvern Panalytical, UK)
with power of 10 μcal/sec and spacing time 180 sec. Graph design
was performed using GraphPad Prism 8 software.
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Figure S1. Annealing efficiency of the starting library (SL) and enriched pools selected for neomycin B by different 

strategies. During the selection, annealing efficiency of enriched sequences increases. Error bars show standard deviation 

(n=2). S+W: Sum of supernatant and three washing fractions, E+B: Sum of elution and beads fraction. HDB: selection with 

high-density beads, LDB: selection with low-density beads, man: manual selection, robo: robotic selection. 

 

 

Figure S2. PCR profile of different selection rounds of robotic assisted selection targeting neomycin B. PCR product was 

loaded on a 4% Agarose gel with Ultra-low range ladder. 

 

Table S1. Summary of SELEX conditions utilized in the selections targeting neomycin B 

SELEX 

round 

Target 

concentration 
IVT time Washing 

Incubation 

time 

1 

1 mM 

50°C-30°C 1x100 µl: 5 min; 2x100 µl 

15 min 
2 

2 h 

3x100 µl 

3 

4 

1.5 h 
5 

0.5 mM 10 min 
6 

7 

8 

1 h 

9 

50 µM 5 min 
10 

11 

12 

 



 

Figure S3. Nucleotide distribution in the random region of starting library, round 12 (R12) high-density beads (HDB) 

selection, R12 low-density beads (LDB) manual selection, and R12 LDB robotic selection targeting neomycin B 

measured by next-generation sequencing (NGS). 





 

Figure S4. The sequence analysis of high-density beads (HDB) selection, low-density beads (LDB) manual selection, and 

LDB robotic selection for neomycin B. A) Common sequence in different selection strategies among 20 the most enriched 

sequences of each selection. Dark grey: HDB selection; light grey: LDB manual selection; red: LDB robotic selection. B) 

Common motifs in different selection strategies among 20 the most enriched sequences of each selection. For motifs search,  

MEME suite tool for motif discovery was utilized.[1] C) Motif sequence and positions of the motifs in the enriched sequences. 

D) Highlighted motif sequences in the 20 the most enriched sequences in each neomycin selection (HDB: High-density beads, 

LM: Low-density beads manual, LR: Low-density beads robotic). With the black arrow, the sequences found among all three 

selections are marked and with the red arrow, the sequence common in LM and LR selection. 

 

 

Figure S5. Optimization of fluorescence polarization assay for binding studies using enriched pool and monoclonal 

sequences binding to neomycin B. A) Binding of enriched pools to neomycin target obtained by different selections measured 



by fluorescence polarization assay. For assay, 100 nM of Cy3 labelled capture oligodeoxynucleotide (ODN) and 500 nM RNA 

was used in the absence or presence of 100 µM neomycin. The FP-values were normalized according to the value of free Cy3-

ODN. Error bars show standard deviation (n=3). SL: starting library, HDB: Selection with high-density beads, LDB_M: Manual 

selection with low-density beads, LDB_R: Robotic selection with low-density beads, LDB_R1: Robotic selection with low-

density beads and RT-PCR performed on magnetic beads (see Supp. Fig. 9). B) Binding of different monoclonal sequences to 

neomycin B target obtained by different selections measured by fluorescence polarization assay. For assay, 100 nM of Cy3 

labelled capture ODN and 500 nM RNA was used in the absence or presence of 100 µM Neomycin. The FP-values were 

normalized according to the value of free Cy3-ODN. Error bars show standard deviation (n=3). HDB: Sequences obtained by 

high-density selection, LM: Sequences obtained by manual low-density selection, LR: Sequences obtained by robotic low-

density selection. C) Annealing efficiency of RNA to different length ODNs measured by fluorescent polarization. For the 

annealing, different concentration of neomycin B aptamer LM1 were used during 30 min incubation at 21°C in PBS with 3 

mM Mg2+. Concentration of the ODNs was constant 100 nM. The FP-values were normalized according to the value of free 

Cy3-ODN. Error bars show standard deviation (n=3). The data were fitted in non-linear fit model. By the 8-nt capture ODN, 

there is only a weak annealing observed. nt: nucleotide, 1PM: one point mutation in 12-nt oligonucleotide. D) LM1 aptamer 

displacement from different lengths of ODNs by binding to the neomycin B target. The concentration of ODN and aptamer 

LM1 was 100 nM and 500 nM, respectively. Concentration of neomycin was 100 µM. The FP-values were normalized 

according to the value of free Cy3-ODN. Error bars show standard deviation (n=3). The highest decrease in the fold-change of 

FP is by the 9-nt ODN. 

 

 

Figure S6. Binding affinity measurement by isothermal titration calorimetry (ITC). A) Concentration dependent binding 

of neomycin B to HDB1, LM1 and LR1 aptamer measured by fluorescence polarization. The FP-values were normalized 

according to the value of free Cy3-ODN. Error bars show standard deviation (n=3). The estimated Kd determined by the assay 

was approximately 10 µM, 4 µM and 3 µM, respectively. The fluorescence change was fitted to inhibitor vs. response model. 

FP: fluorescence polarization. B) Binding of scrabbled LM1 (ScrLM1) and LM1 sequences to neomycin B measured by 

fluorescence polarization assay. The FP-values were normalized according to the value of free Cy3-ODN. Error bars show 

standard deviation (n=3).  C) Neomycin B (1 mM) titration to PBS + 3 mM Mg2+ buffer. DP: differential power. D) Kanamycin 

(1 mM) titration to PBS + 3 mM Mg2+ buffer.  E) LR1 and kanamycin interaction. Kd is 130.0 ± 30.9 µM. For the measurement 

20 µM of RNA and 1 mM of target was used. 

 



 

Figure S7. PCR profile of different rounds of robotic assisted selection targeting L-arginine (A) and theophylline (B). 

Both selections lead to truncation of the RNA library or even to loss of the product band. 

 

 

Figure S8. PCR profile of different rounds of automated selection targeting A) neomycin B with initial concentration of 

50 µM, B) neomycin B with initial concentration of 5 µM, and C) only selection buffer (PBS + 3 mM Mg2+). By initial 

target concentration as low as 5 µM (B), the library length shortens indicating unsuccessful selection, the same being observed 

in the selection using no target molecule (C). PCR product was loaded on a 4% Agarose gel with Ultra-low range ladder. 

 



 

Figure S9. Separation of reverse transcription (RT) and amplification step of dissociated sequences during capture 

SELEX process to remove remaining target molecule. Elution mix with dissociated RNA and target molecule is mixed with 

the reverse transcription (RT) solution, which contains biotinylated reverse primer. Generated biotinylated-cDNA (bio-cDNA) 

is then captured by addition of streptavidin (SA) beads to the RT solution to remove the solution with the target molecule. Next, 

polymerase chain reaction (PCR) mix is added to the beads with captured cDNA template. After amplification, an aliquot of 

PCR product is added as a template for the in vitro transcription (IVT) reaction, where the transcribed RNA is directly annealed 

to the biotinylated-capture oligodeoxynucleotide present in the IVT mixture and subsequently captured to SA-beads.  

 

 

Figure S10. PCR profile of automated selection with a new strategy keeping RT and PCR reaction separated for removal 

of target molecule (A) and re-amplification of PCR product (B). All additional bands visible in the gel A disappear after 

the re-amplification (gel B) indicating that those bands were either RNA or single-stranded DNA sequences. The utilized target 

in the SELEX was neomycin B. PCR product was loaded on a 4% Agarose gel with Ultra-low range ladder.  

 



 

Figure S11. Structure and characterization of small molecule targets according to their functionality or functional 

groups. Different structural or functional moieties were chosen for the automated selection to investigate versatility of 

selection ability. 2SC: S-(2-succinyl) cysteine, DFHBI-1T: 3,5-Difluoro-4-hydroxybenzylidene imidazolinone-1T,[2] HO-

Trp-A-3’: D-Tryptophanyl Adenosine 5'-Monophosphate Phosphoramidate,[3] m6A: N6-Methyladenosine, 5-IP7: 5-

diphospho-myo-inositol pentakisphosphate,[4] ppGpp: Guanosine pentaphosphate. 

 





 

Figure S12. PCR profile of automated selection with various small molecule targets. A) Arginine, B) Theophylline, C) 

Galactose, D) 3,5-Difluoro-4-hydroxybenzylidene imidazolinone-1T (DFHBI-1T),[2] E) D-Tryptophanyl Adenosine 5'-

Monophosphate Phosphoramidate (HO-Trp-A-3’),[3] F) N6-Methyladenosine (m6A), G) Guanosine pentaphosphate (ppGpp), 

H) 5-diphospho-myo-inositol pentakisphosphate (5-IP7),[4] I) Glucose, J) S-(2-succinyl) cysteine (2SC), K) Riboflavin, and L) 

Cyanocobalamin. 

 



 

Figure S13. Enrichment of parasitic non-binding sequences in different selections. In the table, seven sequences are listed, which were found among several selections targeting different 

molecules. The enrichment of each sequence in different selection is shown in the graphs below. DFHBI-1T: 3,5-Difluoro-4-hydroxybenzylidene imidazolinone-1T,[2] Theo: Theophylline, 2SC: 

S-(2-succinyl) cysteine, Riboflav: Riboflavin, Cyanoco: Cyanocobalamin, HO-Trp: D-Tryptophanyl Adenosine 5'-Monophosphate Phosphoramidate,[3] m6A: N6-Methyladenosine, 5-IP7: 5-

diphospho-myo-inositol pentakisphosphate,[4] ppGpp: Guanosine pentaphosphate.  

 

 



 



 





 

Figure S14. NGS analysis of selections targeting different small molecules. First, 100 the most enriched sequences were sorted in different families with no more than 5-point mutations (PM). 

Here, only up to first six families are shown or in the case of ppGpp target up to 18 families. Next, different motifs were searched using MEME suite tool for motif discovery.[1] Through different 

selections, common sequences were found highlighted with the same colour. The common sequences shown in Supp. Fig. 13 are marked with an arrow and corresponding number. With the bold, 



sequences are depicted, which were tested for binding to corresponding target. DFHBI-1T: 3,5-Difluoro-4-hydroxybenzylidene imidazolinone-1T,[2] HO-Trp-A: D-Tryptophanyl Adenosine 5'-

Monophosphate Phosphoramidate,[3] m6A: N6-Methyladenosine, 5-IP7: 5-diphospho-myo-inositol pentakisphosphate,[4] ppGpp: Guanosine pentaphosphate. 

 

 

 

Figure S15. Annealing efficiency of the starting library (SL) and enriched pools selected for different small molecule targets. Annealing efficiency of some enriched pools increases (e.g. 

neomycin B, theophylline, DFHBI-1T, ppGpp, 2SC, riboflavin), while for mostly failed selections it decreases (e.g. galactose). Error bars show standard deviation (n=2). S+W: Sum of supernatant 

and three washing fractions, E+B: Sum of elution and beads fraction. DFHBI-1T: 3,5-Difluoro-4-hydroxybenzylidene imidazolinone-1T,[2] HO-Trp-A: D-Tryptophanyl Adenosine 5'-

Monophosphate Phosphoramidate,[3] m6A: N6-Methyladenosine, 5-IP7: 5-diphospho-myo-inositol pentakisphosphate,[4] ppGpp: Guanosine pentaphosphate, 2SC: S-(2-succinyl) cysteine. 

 

 



Table S2. List of utilized sequences 

Sequence ‘5-‘3 

C2 library GGGAGAGGAGGGAGAUAGAUAUCAA-N40-UUUCGUGGAUGCCACAGGAC 

UFZ library GGGAGAGGAGGGAGAUAGAUAUCAA-N10-UGAGGCUCGAUC-N30-

UUUCGUGGAUGCCACAGGAC 

Forward primer AATTCTAATACGACTCACTATAGGGAGAGGAGGGAGATAGATATCAA 

Reverse primer GTCCTGTGGCATCCACGAAA 

Bio-ODN Biotin-18spacer-GATCGAGCCTCA 

Cy3-ODN_12nt Cy3-GATCGAGCCTCA 

Cy3-ODN_11nt Cy3-GATCGAGCCTC 

Cy3-ODN_10nt Cy3-GATCGAGCCT 

Cy3-ODN_9nt Cy3-GATCGAGCC 

Cy3-ODN_8nt Cy3-GATCGAGC 

Cy3-ODN_PM Cy3-GATCGCGCCTCA 

Forward NGS primer 6nt index-AGGGAGATAGATATCAA 

Reverse NGS primer 6nt index-TGGCATCCACGAAA 

HDB1 GGGAGAGGAGGGAGATAGATATCAAACCCCATCTTGAGGCTCGATCGGCTCGTTT

TTCAGGGATAAGTAGATTTAGTTTTTCGTGGATGCCACAGGAC 

HDB2 GGGAGAGGAGGGAGATAGATATCAAACCGGCACCTGAGGCTCGATCTTTGTTTGC

AAAGGGCATTGCATCGATGTGTTTTTCGTGGATGCCACAGGAC 

LM1 GGGAGAGGAGGGAGATAGATATCAACACTTGAACGTGAGGCTCGATCTTTTTAGC

TTTTTACTGCGGCGTTAACGGTTTTCGTGGATGCCACAGGAC 

LM2 GGGAGAGGAGGGAGATAGATATCAAACTAACAGTCTGAGGCTCGATCTTTTGCAG

AAACTTTCGTCTTTTGGCTATCTTTCGTGGATGCCACAGGAC 

LR1 GGGAGAGGAGGGAGATAGATATCAAACTAAACACTTGAGGCTCGATCTTTATTGT

ATTTACACCATCTTGTGCATCATTTCGTGGATGCCACAGGAC 

LR2 GGGAGAGGAGGGAGATAGATATCAATTACCACGCTTGAGGCTCGATCTTTTGCTT

TGTCCATCTAGTGTTGTCTGCGTTTCGTGGATGCCACAGGAC 

T1 GGGAGAGGAGGGAGATAGATATCAACTATCGCTTGTGAGGCTCGATCTTTATGTG

CCCCTCCTTCAGGTTTGGCGTCTTTCGTGGATGCCACAGGAC 

T2 GGGAGAGGAGGGAGATAGATATCAACAGGGCAATTTGAGGCTCGATCTAGCGCC

GTGCCCTCGCTCAGTTGGCGTCGTTTCGTGGATGCCACAGGAC 

A1 GGGAGAGGAGGGAGATAGATATCAACCACTTCGGATGAGGCTCGATCAACTCCCG

TTATAGTCTGGGCAATCGCTGGTTTCGTGGATGCCACAGGAC 

I5 GGGAGAGGAGGGAGATAGATATCAAACGAACGGCATGAGGCTCGATCTACGTTA

CCCCTCTGACGTTGGCATTTGTGTTTCGTGGATGCCACAGGAC 

P7 GGGAGAGGAGGGAGATAGATATCAACAGGAACGGTTGAGGCTCGATCAGATACC

CCTCGCTACAATGCGGCATTGGGTTTCGTGGATGCCACAGGAC 

G1 GGGAGAGGAGGGAGATAGATATCAACCACGCTGGTGAGGCTCGATCACGGAGAC

TTCATTTCCCATTGTTGTGTGGTTTTCGTGGATGCCACAGGAC 

S1 GGGAGAGGAGGGAGATAGATATCAAGGAACGGTAATGAGGCTCGATCGAATTAG

ACCGCCTTGATTCCCTCGTGGCGTTTCGTGGATGCCACAGGAC 

R1 GGGAGAGGAGGGAGATAGATATCAAGTTAGGCTATTGAGGCTCGATCGAAGAAG

GAACACACATCTGTCGCTCTGCTTTTCGTGGATGCCACAGGAC 

R2 GGGAGAGGAGGGAGATAGATATCAAGAGGTACGTATGAGGCTCGATCGGAAGGC

TGGTCTAGGTCCCGTCCTGACCGTTTCGTGGATGCCACAGGAC 

R3 GGGAGAGGAGGGAGATAGATATCAAGTCGGAGGTATGAGGCTCGATCACGAAGA

AGGCCGATTGGGTTACCCTCCTTTTTCGTGGATGCCACAGGAC 

C1 GGGAGAGGAGGGAGATAGATATCAACCACGCTGGTGAGGCTCGATCACGGAGAC

TTCATTTCCCATTGTTGTGTGGTTTTCGTGGATGCCACAGGAC 
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Figure 1. De novo selection of light-up RNA sensors. (A) Schematic of the selection design based on (1) Capture-SELEX, which allows for the
selection of ligands free in solution by immobilization of the library through a complementary capture-ODN to the matrix. In our selection, the RNA
library was hybridized to a biotinylated capture-ODN (biotin-ODN), and the complex was captured on streptavidin-coated magnetic beads (SA-
beads). Subsequently, noncaptured sequences were removed, and bound sequences were recovered from the beads by the addition of the target
molecule. The revered sequences were reverse transcribed, amplified, and in vitro transcribed (IVT) in the presence of capture-ODN for the next
selection cycle. (2) RNA library consists of two primer-binding sites (PBS) and a random region of 40 nucleotides (N30 +N10). The random region is
divided by a docking sequence highlighted in gray, which is a defined part in the library used for the hybridization to the biotinylated ODN. (3)
DFHBI-1T molecule, shown in a dotted square, binds to the Broccoli aptamer and thereby emits green fluorescence. The region in the Broccoli
aptamer highlighted in gray was used as a module, complementary to the docking sequence in the RNA library. (4) This module allows the docking
sequence of the library or an identified aptamer from the library to hybridize to Broccoli in the absence of the target molecule. Upon addition of the
target, a conformational change in the aptamer is induced, thereby enabling the folding and binding of Broccoli to DFHBI-1T, which results in an
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significant decrease in fluorescence polarization values, likely
due to the hybridization energy being greater than the energy
released upon interaction with the TPP molecule (Supporting
Information Figure S4B). By linking the enriched library to
Broccoli using the linker L3, a TPP-dependent increase in
fluorescence was detected (Figure 1C), indicating a proof-of-
concept at the library level. We next analyzed the enriched
population by next-generation sequencing (NGS) and examined
the five most abundant sequences (S1−S5, Supporting
Information Figure S3C−G) and the sequences with the highest
rate of enrichment from rounds 8−12 (Supporting Information
Figure S5A−E) for TPP binding by fluorescence polarization.
Sequence S5_M had a point mutation (C to U) within the
docking sequence (Supporting Information Figure S3G), which
was critical for performance (Supporting Information Figure S6)
and was corrected for all subsequent studies. Consequently, the
characterized sequence S5 has the same docking sequence as all
the other sequences tested. The sequences S1, S3, S4, S5, S9, and
S29 showed TPP-dependent binding (Figure 1D, Supporting
Information Figure S5F), of which S1, S2, S3, and S5 enabled
induction of fluorescence when connected to Broccoli via linker
L3 and TPP was added (Figure 1E, Supporting Information
Figure S5G). These results confirmed our concept and
demonstrated that rationally designed RNA libraries can be
used for selection to identify individual sequences capable of
binding to a target molecule and control Broccoli folding
allosterically while coupled to it. Although the enrichment
profile from the NGS data shows that the individual sequences
were not highly enriched (e.g., the most abundant sequence
accounted for 4% of all sequences in the library), we still
observed a significant increase in fluorescence signal with the
addition of TPP to the RNA library from selection cycle 12,
underlining the sensitivity of the approach (Figure 1B,C).

After demonstrating the de novo selection of RNA aptamers
that can be modularly linked to fluorogenic RNAs and allowing
allosteric control of binding to DFHBI-1T, we proceeded with
sensors S1 and S5 as they have low background fluorescence and
higher induction values to further optimize performance. We
inserted different numbers of A nucleotides between the
aptamer and the Broccoli domain to change the proximity of
the docking sequence and the helix structure in Broccoli and to
provide additional flexibility for facilitation of helix formation

upon TPP interaction.4 The addition of A nucleotides increased
the TPP-mediated induction of fluorescence significantly, with 7
nucleotides being most effective (Supporting Information
Figure S4). Sensors S1 and S5 showed a significant increase in
the TPP response (Figure 1F), whereas the fluorescence of the
sensors in the absence of TPP was not altered (Figure 1F).
Remarkably, both sensors responded specifically to TPP and
thiamine phosphate (TP), but not to thiamine (T) or the
unrelated metabolites guanosine diphosphate (GDP) or
adenosine triphosphate (ATP), whereas S5 was found to be
slightly more specific (Figure 1G). Finally, we determined the
affinity of the aptamers S1 and S5 for TPP by isothermal titration
calorimetry (Supporting Information Figure S8). S1 and S5 bind
TPP with similar affinities, 479 ± 136 and 462 ± 94.8 μM,
respectively, which are much lower than the affinity of the
natural TPP riboswitch.5 To further prove allosteric activation of
the sensor by TPP binding, we introduced point mutations into
the region of S1 and S5 complementary to Broccoli, which led to
a strong loss of sensing ability and which have been shown
similarly in Geraci et al. (Supporting Information Figures S9 and
S10).6

To demonstrate the modularity of the approach, we
exchanged Broccoli by Red Broccoli since both fluorogenic
RNAs share common motifs (Figure 2A).7 We connected all
sequences (Supporting Information Figures S3F and S5A) to
Red Broccoli via linker L3 and tested them for TPP-dependent
induction of fluorescence (Supporting Information Figure S11).
Among them, sensor S5 revealed the best performance
(Supporting Information Figure S11). We used S1 and S5 and
optimized the sensor performance by introducing different
numbers of A nucleotides, as described above when using
Broccoli. Of these variants, S5 showed the strongest induction of
fluorescence with 5 As, whereas S1 was less sensitive (Figure
2B). Furthermore, the Red Broccoli variant of S5 with a linker
L3 extension and an additional 5A linker (S5−L3−7A) revealed
a concentration-dependent induction by TPP (Figure 2C) and a
specificity profile comparable to that of the Broccoli variant
(Figure 2D).

■ DISCUSSION
In the first part of our study, we evaluated the molecular design
of the sensor library. From five libraries (SE12−4) differing in

Figure 1. continued

increased fluorescence signal. TPP was utilized as a target in a proof-of-principle selection, and its structure is shown in a dotted square. (B)
Fluorescence polarization assays to measure the binding of the starting library and the RNA library from selection cycle 12 to TPP. Binding was
measured by using 100 nM Cy3-labeled capture-ODN that is complementary to 8-nucleotides of the RNA. All values were normalized to the
polarization values of the Cy3-capture-ODN. P-values were calculated using the unpaired t-test; ****: p < 0.0001. Error bars indicate standard
deviations (n = 3). (C) Allosteric control of the binding of DFHBI-1T to Broccoli by TPP. Broccoli was connected to the libraries via linker 3 (−3)
shown in a dotted square with orange. All values were normalized according to the sample with Broccoli and the corresponding amount of capture-
ODN or TPP. P-values were calculated using the unpaired t-test comparing the values of SL-L3 and R12-L3 without oligo and TPP and values with 1
mM of TPP; ****: p < 0.0001. Error bars indicate standard deviations (n = 3). SL: starting library; R12: RNA library from selection cycle 12. (D)
Interaction of monoclonal sequences S1−S5 with TPP measured by fluorescence polarization. All values were normalized to the polarization value of
the Cy3-capture-ODN. P-values were calculated using the unpaired t-test; ***: p = 0.0007, ****: p < 0.0001. Error bars indicate standard deviations (n
= 2). (E) Allosteric control of the binding of DFHBI-1T to Broccoli by TPP. Broccoli was connected to the aptamers with linker 3 (−3). All values were
normalized to Broccoli and the corresponding amount of capture-ODN or TPP. P-values were calculated using the unpaired t-test; *: p = 0.0167 (S2),
0.0444 (S4), **: p = 0.0326 (S1), p = 0.0020 (S3), ****: p < 0.0001 (S5). Error bars indicate standard deviations (n = 3). (F) Allosteric control of
DFHBI-1T binding to sensors S1 and S5 (with linker 3 extension�L3) without or with a 7-nucleotide-long A linker (−7A) shown in a dotted square
upon addition of TPP. All values were normalized to Broccoli or to Broccoli with TPP. P-values were calculated using the unpaired t-test (*: p = 0.0169,
****: p < 0.0001). Error bars indicate standard deviations (n = 3). (G) Specificity of sensors S1 and S5 including a 7A linker. All values were
normalized to Broccoli or Broccoli in the presence of the indicated molecules. P-values were calculated using the one-way ANOVA and Dunnett’s
multiple comparisons test (*: p = 0.0122, **: p = 0.025, ***: p = 0.0009, ****: p = 0.0001). Error bars indicate standard deviations (n = 3). TPP:
thiamine pyrophosphate, TP: thiamine monophosphate, T: thiamine, GDP: guanosine diphosphate, ATP: adenosine triphosphate.
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the length (12−4 nt) of the complementary sequence
hybridizing with Broccoli, SE8 was selected. SE4 and SE6
made weak contact with Broccoli, which resulted in increased
fluorescence levels in the absence of the capture-ODN, whereas
significantly stronger interactions, as demonstrated by libraries

SE10 and SE12, did result in limited induction of fluorescence
by capture-ODN addition (Supporting Information Figure
S2A). The addition of linker residues between the RNA library
and the Broccoli domain increased the performance of the
sensors. Based on turn-on values, library SE12-L3 showed the

Figure 2. Fusion of S1 and S5 aptamers with Red Broccoli aptamers. (A) Predicted secondary structure and adaptation of the S5 aptamer to a red-
shifted sensor. Nucleotide positions highlighted in red in Broccoli (left) and in green in Broccoli (right) are identical, whereas the nucleotide positions
marked in purple are different. Red Broccoli and Broccoli aptamers are linked to the S5 aptamer on its 3′-end. In the absence of the TPP target andOBI
(structure shown in a dotted box) or DFHBI-1T fluorophore, respectively, the complementary region highlighted in gray of the S5 aptamer and Red
Broccoli or Broccoli aptamers hybridize. (B) Fluorescence intensity of the Red Broccoli sensors with the aptamer domains S1 and S5 in the absence or
presence of TPP. Red Broccoli and S1 and S5 aptamers were connected by different numbers of A nucleotides. All values were normalized to Red
Broccoli in the absence and presence of TPP. The addition of normalized Red Broccoli bars with and without TPP is omitted due to the clearer
presentation of the graph. Turn-on values were calculated for each pair of F0 and FT: TO= (FT − F0)/F0, where TO is the turn-on, FT is the fluorescence
of the sample with TPP, and F0 is the fluorescence without TPP. Error bars indicate standard deviations (n = 3). (C) Concentration dependency of the
Red Broccoli S5-L3−5A sensor upon addition of TPP. All values were normalized to the Red Broccoli. P-values were calculated using the one-way
ANOVA and Dunnett’s multiple comparisons test (**: p = 0.0316, ****: p < 0.0001). Error bars indicate standard deviations (n = 3). (D) Specificity
of the Red Broccoli variant of sensors S5-L3−5A. All values were normalized according to Red Broccoli with the indicated molecules. P-values were
calculated using the one-way ANOVA andDunnett’s multiple comparisons test (**: p = 0.0063, ****: p < 0.0001, ns: T and ATP). Error bars indicate
standard deviations (n = 3). TPP: thiamine pyrophosphate, TP: thiamine monophosphate, T: thiamine.
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best performance. However, we were concerned that a lower
affinity between the RNA aptamers and the small target
molecule might not efficiently affect the hybridization of a 12
nt docking sequence to Broccoli. This concern was also partially
confirmed by the fluorescence anisotropy measurements
(Supporting Information Figure S4B), in which TPP could
not disrupt the hybridization of a 12 nt capture-ODN with the
RNA library from selection cycle 12, whereas an 8 nt capture-
ODN hybridization could (Figure 1B). These data indicate that
using SE8 was the appropriate choice; however, further
optimization might be possible by a more elaborate linker
design and selection.

The NGS analysis of the selection cycles showed no strong
enrichment of individual sequences and still a relatively high
number of unique sequences (Figure S3D−G). As we could not
identify common motifs in the enriched sequence populations,
we tested five of the most enriched sequences and four
sequences with the highest enrichment rate from selection
cycles 8 to 12, in which the TPP concentration was reduced and
the highest enrichment rates for sequences with high affinity
were expected (Figure S5). However, the latter sequences
showed a negligible turn-on signal upon addition of TPP. On the
contrary, the best-performing sequences are two of the five most
abundant sequences. This is in contrast to previous observations
showing that the most abundant sequences are not always the
best-performing ones, but this observation probably relates to
the overall low enrichment levels of individual sequences.8−10

In some cases, the incorporated Broccoli domain exceeds the
fluorescence signal of the parental Broccoli used for normal-
ization. There could be several reasons for this. First, the
incorporated Broccoli becomes more stable due to the addition
of the linker (e.g., L3). Second, the higher TPP concentration
(>1 mM) has an inhibitory effect on Broccoli function, which
might be more pronounced in the free Broccoli used for
normalization (Supporting Information Figure S3B). Third, the
addition of capture-ODNs, which mimic the function of TPP,
not only successfully disrupts the hybridization of the docking
sequence with Broccoli but also affects the Broccoli structure of
free Broccoli used for normalization.

Intracellular expression of fluorescent RNA sensors enables
the real-time monitoring of cell metabolism. While higher
intrinsic green fluorescence in cells could interfere with Broccoli
signaling, Red Broccoli emits a higher-wavelength fluorescent
signal, at which cell autofluorescence is much lower.7 Never-
theless, the modest turn-on signal intensity of the S5 sensor and
the detection of TPP in the mM range might make the detection
of cellular TPP concentrations that are in the μM range
difficult.11 Furthermore, the detection of thiamine and its
phosphate esters in whole blood samples is an important
diagnostic tool for the detection of thiamine deficiency causing
beriberi disease.12 Although TPP is the predominant form and
accounts for approximately 90% of the 60−120 μg/L total
thiamine present in whole blood, the detection sensitivity of the
S5-sensor might still be limited.13,14 Using the SE12 library,
which has lower background fluorescence (Figure 2C), and
adjusting the selection strategy with a lower TPP concentration
might drive the selection to sensors with lower fluorescence in
the absence of TPP, a greater dynamic range, and the higher
affinity required for cellular and diagnostic purposes. Alter-
natively, error-prone PCR to mutate S5 or the generation of
degenerated libraries based on S5 could be used to reselect
higher affinity variants of S5 that might be applicable in cells and
diagnostic assays.

In summary, we describe a convenient approach in which
aptamers that bind to small molecules are selected de novo and
linked to reporter RNAs, resulting in fluorogenic sensors. The
approach is modular, as demonstrated by its compatibility with
two fluorogenic reporter RNAs. The performance of the
obtained sensors is limited by the affinity of the ligand (TPP),
which in the case shown is in the triple-digit micromolar range.
However, this value can be lowered by optimized selection
schemes or by using degenerate libraries for reselection
purposes.15 Nevertheless, effective sensors could be obtained
even with lower-affinity aptamers. The method described can be
adapted to other fluorogenic RNAs, such as pepper or chili,
which have different spectral properties.16,17 Due to the modular
design of our method, it could be effectively combined with
droplet sorting procedures that enable the identification of
optimally performing sensors within the enriched libraries.6,18

Particularly in regard to the relatively low enrichment profile of
the used capture-SELEX approach, this combination might be
advantageous. Likewise, a combination with cellular screening
approaches utilizing advanced expression systems, such as
Tornado, would allow for screening the libraries for those
sensors that perform best in a cellular environment.19
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S1. Design and annealing properties of five different sensor libraries. A) Sensor libraries (SE) with different 
lengths of complementary part to Broccoli. The docking sequence of the libraries (grey and white nucleotides) is 
always 12 nt long, however the Broccoli complementary part (grey nucleotides) is 12 nt to 4 nt long (SE12-4). T: 
Small molecule target. B) Annealing efficiency of sensor libraries (SE) (without Broccoli sequence) to 
corresponding capture oligodeoxynucleotides (ODN). The assay is based on the fluorescence polarization (FP) of 
free versus hybridized Cy3-labelled capture ODN. Assay was performed with 100 nM Cy3-labelled capture ODN. 
All values were normalized according to the FP value of capture ODN alone. 
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S2. Optimization of the library for sensor selection. A) Allosteric control of DFHBI-1T binding to Broccoli 
connected to different sensor libraries (SE) upon addition of 12-nt capture-oligodeoxynucleotide (ODN). Since no 
signal was observed while connecting libraries to the Broccoli aptamer (see C-D, SE12 and SE4), the Broccoli 
was extended with linker 2 (-L2) in this experiment (for linker design see B). For each sensor library, 
corresponding capture-ODN was used with full complementarity to the docking sequence. All values were 
normalized according to the sample with Broccoli and corresponding capture-ODN concentration. To see the 
differences more clearly, we omitted placing the Broccoli bars on the graph. Turn-on values (TO) were calculated 
for each pair of F0 and F10, TO=( F10- F0)/ F0 where TO is the turn-on, F10 is the fluorescence of sample with 10 
µM ODN and F0 is the fluorescence without ODN. Error bars indicate standard deviations (n = 3). B) 
Representation of different Broccoli extension linkers, which were introduced to the library via PCR. FWD: 
forward primer-binding site, N30/10: random region, DS: docking sequence, REV: reverse primer-binding site. 
C-D) Allosteric control of DFHBI-1T binding to Broccoli in SE12 (C) and SE4 (D) with different Broccoli linkers. 
Complementarity of capture-ODN to the docking sequence was utilized for inducement of Broccoli folding. 
Values were normalized to the signal of Broccoli with corresponding capture-ODN concentration. TO values were 
calculated for each pair of F0 and F10 the same as explained by A. Error bars indicate standard deviations (n = 3).  
E) Allosteric control of DFHBI-1T binding to SE8 with linkers 2-4 extension upon addition of 12-nt capture ODN. 
As a control, a library with no complementarity to Broccoli was utilized (Ctrl). All values were normalized 
according to the sample with Broccoli and corresponding capture ODN concentration. Broccoli bars were not 



S4

included in the graph due to the lack of space. TO values were calculated for each pair of F0 and F10 the same as 
explained by A. Error bars indicate standard deviations (n = 3)  F) Schematic representation of Sensor 8, which 
contains Broccoli extended with linker 3 and SE8 library (SE8-L3). This design was the most optimal for the 
subsequent aptamer selection. 

S3. Selection of RNA sensor targeting Thiamine pyrophosphate (TPP). A) Scheme of RNA Capture SELEX. 
Main steps are 1) Capturing of RNA library (without Broccoli) to capture oligodeoxynucleotides (ODN) during 
transcription, 2) Coupling of RNA-ODN duplexes on magnetic beads and removing of weakly bound sequences, 
3) Elution of binding sequences by addition of a target solution, and 4) Reverse transcription and amplification of 
dissociated sequences. SA: streptavidin. B) Signal of DFHBI-1T binding to the Broccoli aptamer in the presence 
of TPP. Concentration of DFHBI-1T and Broccoli RNA was 10 µM and 1 µM, respectively. Error bars indicate 
standard deviations (n = 3). C) Number of total sequences in each selection round obtained by Next-generation 
sequencing. D) Percentage of unique sequences in different selection rounds measured by Next-generation 
sequencing. E) Nucleotide distribution of the random region in the starting library and after 12 selection rounds. 
F) Frequency of top five enriched sequences through 12 selection rounds. G) Table of top five enriched sequences 
with corresponding sequence of the random region. Docking sequences are highlighted in yellow.
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S4. Binding of the starting pool and round 12 pool to TPP measured by fluorescence polarization (FP) assay. 
A) Principle of fluorescence polarization assay. When the Cy3-labelled capture-oligodeoxynucleotide (ODN) 
annealed to the RNA the rotation slows down and consequently the fluorescence polarization increases. If the 
target is bound to the RNA, more of the capture ODN is free thereby the fluorescence polarization decreases. B) 
Binding was measured by using 100 nM Cy3-labelled capture ODN with 12 nt complementarity to RNA. All 
values were normalized according to the FP value of Cy3-labelled capture ODN. Error bars indicate standard 
deviations (n = 3).
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S5. Binding and sensing characterization of additional monoclonal sequences S9, S20, S29, and S44. A) 
Enrichment table with sequence frequency in round 6, 8, 10, and 12 and enrichment fold change from round 6 and 
8 to round 12. Docking sequences are highlighted in yellow. B-E) Graph of enrichment through selection rounds 
of sequences S9 (B), S20 (C), S29 (D), and S44 (E). F) Binding of S9, S20, S29, and S44 sequences measured by 
fluorescence polarization assay. P-values were calculated using the unpaired t-test; **: p=0.0053, ****: p<0.0001. 
Error bars indicate standard deviations (n = 1). G) Allosteric control of DFHBI-1T binding to a Broccoli with 
linker 3 extension in the presence of TPP in constructs connected to S9, S20, S29, and S44 sequence. P-values 
were calculated using the unpaired t-test; *: p=0.0497. Error bars indicate standard deviations (n = 1).
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S6. Binding and sensing characterization of S5_M enriched sequence and S5 with a corrected point-
mutation in the docking sequence. A) Predicted secondary structure of S5_M sequence. Arrow indicates a point 
mutation, which occurred in the docking sequence. B) Predicted secondary structure of S5 sequence with corrected 
mutation in the docking sequence indicated with an arrow. C) Binding of S5_M and S5 aptamer to TPP measured 
by fluorescence polarization assay. P-values were calculated using the unpaired t-test; ****: p<0.0001. Error bars 
indicate standard deviations (n = 3). D) Allosteric control of DFHBI-1T binding to the Broccoli with linker 3 (-L3) 
extension in the presence of TPP connected to S5_M and S5 aptamer with and without linker 7A. Turn-on values 
(TO) were calculated for each pair of F0 and FT, TO=(FT- F0)/ F0 where TO is the turn-on, FT is the fluorescence 
of sample with TPP and F0 is the fluorescence without TPP. Error bars indicate standard deviations (n = 3).

S7: Addition of poly(A) linkers between S1 aptamer sequence and Broccoli with linker 3 sequence extension. 
A) Scheme of different lengths of poly(A) linkers (1-11) inserted between the aptamer sequnece and Broccoli 
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extended with linker 3 (1A-11A). B) Allosteric control of DFHBI-1T binding to Broccoli extended with linker 3 
and connected to S1 aptamer via different lenghts of poly(A) linkers upon addition of either 1 mM of Thiamine 
pyrophosphate (TPP) or 10 µM of complementary capture oligodeoxynucleotide (ODN). Addition of 7A linker 
increases the fluorescence signal in the presence of TPP the most, for turn-on value of 1.1. All values were 
normalized according to the Broccoli sample in the absence and presence of TPP and presence of capture ODN. 
Turn-on values (TO) were calculated for each pair of F0 and FT, TO=(FT- F0)/ F0 where TO is the turn-on, FT is the 
fluorescence of sample with TPP and F0 is the fluorescence without TPP. Error bars indicate standard deviations 
(n = 3). 0: no TPP or capture ODN added, T: addition of TPP, C: addition of capture ODN.

S8: Thermodynamic binding properties of aptamer S1 (A) and S5 (B) to TPP. Kd of binding is 
479 ± 136 µM for S1 and 462 ± 94.8 µM for S5.
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S9. S1 aptamer with different numbers of point-mutations. A) Predicted secondary structure of aptamer S1 
with Broccoli-complementary part depicted in grey and 1M-4M point-mutations depicted in white. B) 
Concentration dependent sensing of sensor S1 with different number of point mutations (1M-4M) in the docking 
sequence. S1 aptamer and its point-mutants were connected to the Broccoli with extended linker 3 (-L3) via linker 
7A (-7A). Fluorescence signal was normalized to the signal of Broccoli aptamer in the presence of corresponded 
concentration of TPP. Error bars indicate standard deviations (n = 3).
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S10. S5 aptamer with different numbers of point-mutations. A) Predicted secondary structure of aptamer S5 
with Broccoli-complementary part depicted in grey and M-4M point-mutations depicted in white. B) 
Concentration dependent sensing of sensor S5 with different number of point mutations (M-4M) in the docking 
sequence. S5 aptamer and its point-mutants were connected to the Broccoli with extended linker 3 (-L3) via linker 
7A (-7A). Fluorescence signal was normalized to the signal of Broccoli aptamer in the presence of corresponded 
concentration of TPP. Error bars indicate standard deviations (n = 3).
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S11. Allosteric binding of OBI to Red broccoli in the presence of TPP or capture-oligodeoxynucleotide 
(ODN) in Red broccoli L3 constructs. All values were normalized according to the fluorescence signal of Red 
broccoli in the absence or presence of TPP or capture-ODN. Turn-on values (TO) were calculated for each pair of 
F0 and FT, TO=(FT- F0)/ F0 where TO is the turn-on, FT is the fluorescence of sample with TPP and F0 is the 
fluorescence without TPP. Error bars indicate standard deviations (n = 3). S5_M-L3 has the C to U point mutant 
in the docking region (see Supp. Fig. 3G and 5A); S5-L3 is the corrected sequence having the original C in the 
respective docking sequence version).



S12

Table S1. List of utilized sequences.

Sensor library 12 GGGAGAGGAGGGAGATAGATATCAA-N30-GGACCCGACCGT-N10- 
TTTCGTGGATGCCACAGGAC

Capture ODN 12 Biotin-C18-ACGGTCGGGTCC

Sensor library 10 GGGAGAGGAGGGAGATAGATATCAA-N30-TGACCCGACCGG-N10- 
TTTCGTGGATGCCACAGGAC

Capture ODN 10 Biotin-C18- CCGGTCGGGTCA

Sensor library 8 GGGAGAGGAGGGAGATAGATATCAA-N30-TGACCCGACGTG-N10- 
TTTCGTGGATGCCACAGGAC

Capture ODN 8 Biotin-C18- CACGTCGGGTCA

Sensor library 6 GGGAGAGGAGGGAGATAGATATCAA-N30-TGACCCGCAGTG-N10- 
TTTCGTGGATGCCACAGGAC

Capture ODN 6 Biotin-C18- CACTGCGGGTCA

Sensor library 4 GGGAGAGGAGGGAGATAGATATCAA-N30-TTGCCCGCAGTG-N10- 
TTTCGTGGATGCCACAGGAC

Capture ODN 4 Biotin-C18- CACTGCGGGCAA
Fwd primer + T7 
promoter

AATTCTAATACGACTCACTATAGGGAGAGGAGGGAGATAGATATCA
A

Rev primer GTCCTGTGGCATCCACGAAA
Rev primer + rev 
Broccoli

GACGGAGCCCACACTCTACTCGACAGATACGAATATCTGGACCCGA
CCGTCTCCATCGTCCTGTGGCATCCACGAAA

Rev primer + rev 
Red Broccoli

GACGGAGCCCACACTCTACTCGACAGATACGAATATCTGGACCCGA
CCGTCTCCATCGTCCTGTGGCATCCACGAAA

S1
GGGAGAGGAGGGAGATAGATATCAAACTCCCACGGCATCCAACTC
CACAGATCCATGACCCGACGTGATGACTCTTGTTTCGTGGATGCCAC
AGGAC

S1_1M
GGGAGAGGAGGGAGATAGATATCAAACTCCCACGGCATCCAACTC
CACAGATCCATGACACGACGTGATGACTCTTGTTTCGTGGATGCCA
CAGGAC

S1_2M
GGGAGAGGAGGGAGATAGATATCAAACTCCCACGGCATCCAACTC
CACAGATCCATGACAAGACGTGATGACTCTTGTTTCGTGGATGCCA
CAGGAC

S1_3M
GGGAGAGGAGGGAGATAGATATCAAACTCCCACGGCATCCAACTC
CACAGATCCATGACAAAACGTGATGACTCTTGTTTCGTGGATGCCA
CAGGAC

S1_4M
GGGAGAGGAGGGAGATAGATATCAAACTCCCACGGCATCCAACTC
CACAGATCCATGATAAAACGTGATGACTCTTGTTTCGTGGATGCCA
CAGGAC

S1-L3-7A 
(Broccoli)

GGGAGAGGAGGGAGATAGATATCAAACTCCCACGGCATCCAACTC
CACAGATCCATGACCCGACGTGATGACTCTTGTTTCGTGGATGCCAC
AGGACAAAAAAAGATGGAGACGGTCGGGTCCAGATATTCGTATCTG
TCGAGTAGAGTGTGGGCTCCGTC

S5
GGGAGAGGAGGGAGATAGATATCAACTTTCTTAGGCGTCCACCCTT
GCTAACTTTTGACCCGACGTGATCAGCCTGCTTTCGTGGATGCCACA
GGAC

S5_M
GGGAGAGGAGGGAGATAGATATCAACTTTCTTAGGCGTCCACCCTT
GCTAACTTTTGACCTGACGTGATCAGCCTGCTTTCGTGGATGCCACA
GGAC

S5_2M
GGGAGAGGAGGGAGATAGATATCAACTTTCTTAGGCGTCCACCCTT
GCTAACTTTTGACATGACGTGATCAGCCTGCTTTCGTGGATGCCACA
GGAC
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S5_3M
GGGAGAGGAGGGAGATAGATATCAACTTTCTTAGGCGTCCACCCTT
GCTAACTTTTGACATAACGTGATCAGCCTGCTTTCGTGGATGCCACA
GGAC

S4_4M
GGGAGAGGAGGGAGATAGATATCAACTTTCTTAGGCGTCCACCCTT
GCTAACTTTTGATATAACGTGATCAGCCTGCTTTCGTGGATGCCACA
GGAC

S5-L3-7A 
(Broccoli)

GGGAGAGGAGGGAGATAGATATCAACTTTCTTAGGCGTCCACCCTT
GCTAACTTTTGACCCGACGTGATCAGCCTGCTTTCGTGGATGCCACA
GGACAAAAAAAGATGGAGACGGTCGGGTCCAGATATTCGTATCTGT
CGAGTAGAGTGTGGGCTCCGTC

S2
GGGAGAGGAGGGAGATAGATATCAACCCTCTTACCAAGTGGCATTA
CATGTCCCTGACCCGACGTGTTTACATGAGTTTCGTGGATGCCACAG
GAC

S3
GGGAGAGGAGGGAGATAGATATCAACTCTTCGGGCGACATCCACTT
TACGATTATTGACCCGACGTGCAATCACCTGTTTCGTGGATGCCACA
GGAC

S4
GGGAGAGGAGGGAGATAGATATCAAGCTCGGGGCATCCAACTCTC
GCAATCATGTTGACCCGACGTGTGTTACTGTCTTTCGTGGATGCCAC
AGGAC

S9
GGGAGAGGAGGGAGATAGATATCAACCTTCCATCCACGAATCGCTA
CCCCGCCAATGACCCGACGTGATTATTAGCCTTTCGTGGATGCCACA
GGAC

S20
GGGAGAGGAGGGAGATAGATATCAACCTGACTCTAGGCATTCACG
GACTCCCAGATGACCCGACGTGACTTCGATGATTTCGTGGATGCCA
CAGGAC

S29
GGGAGAGGAGGGAGATAGATATCAACATCTGCTGTGACAAACACG
ATATCTGTCCTGACCCGACGCGATCACCCCTCTTTCGTGGATGCCAC
AGGAC

S44
GGGAGAGGAGGGAGATAGATATCAAACTCTTACAGCTGCATTCACG
AGAACGCCCTGACCCGACGTGTACTTAACTGTTTCGTGGATGCCAC
AGGAC

Broccoli GGAGACGGTCGGGTCCAGATATTCGTATCTGTCGAGTAGAGTGTGG
GCTCC

Red Broccoli GGAGACGGTCGGGTCCAGTCCCAACGATGTTGGCTGTTGAGTAGTG
TGTGGGCTCC
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Materials

Thiamine pyrophosphate, thiamine, thiamine monophosphate and guanosine 5´-diphosphate 

(GDP) were purchased from Sigma-Aldrich, Germany. ATP was purchased from Genaxxon, 

Germany. DFHBI-1T and OBI were obtained from Bio-Techne, USA and Lucerna, USA, 

respectively. 

Selection of TPP RNA sensor

Library and other utilized oligonucleotides were purchased as DNA from Ella biotech and are 

shown in Table S1. RNA library was prepared from large scale PCR with forward primer 

bearing T7 promotor and subsequent in vitro transcription with obtained dsDNA template. RNA 

was purified on a 10% PAGE gel. In the starting round, 1.5 nmol of RNA and 1.5 nmol of 

biotinylated oligodeoxynucleotides (ODN) were mixed in 100 µl selection buffer (PBS, 

3 mM Mg2+ pH 7.4) and left to anneal by incubating it at 50°C for 15 min and slowly cooling 

down to 30°C for 45 min with gentle shaking. In the meantime, 2.5 mg of Dynabeads™ M-280 

Streptavidin (ThermoFisher Scientific, USA) was washed 3-times with selection buffer on 

DynaMag™-2 Magnet rack (ThermoFisher Scientific, USA). Finally, the beads were 

resuspended in 50 µl selection buffer and mixed with RNA-ODN solution. The mixture was 

incubated for 30 min at 21°C with gentle shaking to allow RNA-ODN complexes to be coupled 

to the beads. Afterwards, the supernatant was discarded and beads were washed three-times 

with the selection buffer. Next, the buffer was removed and 1 mM TPP solution was added and 

incubated for another 15 min. Eluted RNA in the supernatant was removed and mixed with 

reverse transcription mix (M-MLV buffer (Promega), 0.5 µM biotinylated-reverse primer). The 

solution was heat up to 65°C for 5 min and cool down to RT to allow denaturation of RNA 

molecules. Next, 2 U/µl M-MLV was added and incubated for 15 min at 40°C. After reverse 

transcription, the biotinylated cDNA was coupled to 0.25 mg of Dynabeads™ M-280 

Streptavidin to allow the purification of cDNA coding molecules of the TPP. Then, the beads 

were washed with selection buffer and fresh PCR solution (GoTag buffer, 1.5 mM Mg2+, 1 µM 

reverse primer, 1 µM forward primer, 0.3 mM dNTPs, 5 U/µl Taq polymerase (Promega) was 

added to them. PCR was performed with the program: (1) 95°C 2 min, (2) 95°C 1 min, (3) 56°C 

1 min, (4) 72°C 1 min, (5) 72°C 3 min, with repeated steps 2-4 for 5 cycles. After amplification, 

10 µl of PCR product was transferred to the in vitro transcription mix (40 mM Tris pH 7.9, 

5 mM DTT, 25 mM Mg2+, 2.5 mM NTPs, 10 µM biotinylated capture ODN, T7-RNA 

polymerase (NEB)) and was incubated for 1.5 hour at 37°C. Captured RNA on the beads was 

then washed three-times with the selection buffer and was subjected to the next round of 
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selection starting with the elution with the TPP molecule. The selection pressure was increased 

during the selection by lowering the target concentration from 1 mM to 50 µM and by lowering 

the elution time from 15 min down to 5 min, and transcription time from 1.5 hour to 30 min.

Preparation of Broccoli and Red broccoli constructs

Broccoli and Red broccoli sequences were introduced to the library and monoclonal sequences 

during the PCR and subsequent in vitro transcription (IVT). Reverse complementary sequence 

of Broccoli and Red broccoli was connected with reverse primer as shown in Table S1. PCR 

was performed with the program: (1) 95°C 3 min, (2) 62°C 1 min, (3) 72°C 1 min, (4) 72°C 3 

min, with repeated steps 2-4 for 9 cycles. After Ethanol precipitation, PCR product was utilized 

for IVT reaction and furthermore, the generated RNA was purified on 10 % Urea-PAGE gel.

DFHBI-1T and OBI fluorescence-based assay

Broccoli and Red broccoli constructs were prepared by in vitro transcription and were heat up 

to 80°C for 3 min before start of the assay. Next, 1 µM RNA, 10 µM DFHBI-1T (Bio-Techne, 

USA) or OBI (Lucerna, USA) and 1 mM of small molecule were incubated in PBS with 3 mM 

Mg2+ for 1 hour in ProxiPlate-384 Plus F, Black 384-shallow well Microplate (Perkin Elmer, USA). 

Afterwards, the fluorescence was measured by EnSpire Multimode Plate Reader (PerkinElmer, 

USA) at excitation light 462 nm and emission light 503 nm for Broccoli constructs and 

excitation light 541 nm and emission light 590 nm for Red broccoli constructs.

Fluorescence polarization assay

Cy3-labelled capture oligonucleotides (ODN) were purchased from Ella Biotech, Germany. 

Sequences of different capture ODNs are provided in Table S1. The assay was performed in a 

final volume of 50 µl (100 nM Cy3-ODN, 500 nM RNA, 1 mM small molecule) PBS with 

3 mM Mg2+ and 0.05 % Tween 20. Firstly, RNA and small molecule were mixed together and 

incubated for 30 min at 21°C and 500 rpm. Secondly, Cy3 ODN was added and incubated for 

another 30 min at 21°C and 500 rpm. Finally, the solution was transferred to the Corning® 96 

Well Half-Area Microplate (Sigma Aldrich, Germany) and was measured by Tecan Ultra Micro 

Plate Reader (Tecan, Switzerland) at excitation light 535 nm, and emission light 595 nm. The 

fluorescence polarization values were normalized according to the value of corresponded 

Cy3-ODN sample.
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Next-generation sequencing

The starting library and the selection round pool 2 to 12 were used for Next generation 

sequencing (NGS). Pools were amplified with different primers synthetized by Ella Biotech. 

For the performance of 75 bp NGS run, the forward and reverse primer-binding sites were 

truncated by utilizing shorter 17 nt and 14 nt primers during the amplification step, respectively. 

Additionally, 6 nt long index sequence (inx) was included to the primers, which was specific 

for each selection round. A PCR reaction mix was prepared for each pool and for an additional 

No Template Control (NTC), using a proofreading Pfu-Polymerase (homemade). PCR product 

was purified with Nucleospin® Gel and PCR clean-up columns (Macherey Nagel, Germany) 

according to the manufacturer’s instructions. 0.125 µg of each DNA was mixed together and 

used for the following step. Next, adapter needed for immobilization and processing of the 

sample on the Illumina instruments was ligated to the DNA sequences using TruSeq DNA 

PCR-Free Sample Preparation Kit LT (Illumina, USA). Ligation was done according to 

manufacturer instructions. The ligated products were afterwards separated on an agarose gel, 

cutting out only the longest sequence (app. 200 bp) with ligated adapters on both sides. The 

DNA was purified from the gel using Nucleospin® Gel and PCR clean-up columns, following 

manufacturer instructions. Finally, DNA was eluted with the resuspension buffer (TruSeq DNA 

PCR-Free Sample Preparation Kit LT) and was used for Illumina sequencing with NextSeq500 

with High Output v2 chemistry. The NGS run was performed from forward and reverse strand 

and it covered either only full random region or the random region with additional 3 nt of the 

3’ forward primer-binding site, respectively. Analysis of sequencing data was completed on 

in-house NGS software (AptaNext), which requires at least 6 nucleotides for recognition of 

primer-binding site sequence. Since the program would not be able to recognize the ending of 

the reverse strand as the start of the forward primer-binding site, the further analysis was 

performed only on the isolated forward sequences.

ITC measurement

The RNA for affinity measurement was prepared by in vitro transcription. After ethanol 

precipitation the RNA was resuspended in the binding buffer and further washed several times 

with the same buffer on the 3K Amicon® Ultra 0.5 mL Centrifugal Filters (Merck, Germany). 

2 mM of the TPP in the syringe was titrated to either 50 µM or 100 µM of the S1 and S5 aptamer 

in the sample cell, respectively, with first injection of 0.4 µl and subsequent 18 injections of 

2 µl. The affinity was measured on MicroCalTM PEAQ-ITC (Malvern Panalytical, UK) with 

power of 10 µcal/sec and spacing time 180 sec.
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