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1. Summary 

The rapid increase in occurrence of carbapenemase-producing multi-drug resistant Entero-

bacteriaceae represents a world-wide health risk. Carbapenem antibiotics have long been 

used as a treatment of last resort for infections with multi resistant bacteria. Now that bacteria 

develop enzymes that render these agents useless, treatment options are limited, and the 

health care system is left with a fast-growing challenge. Easy to use and cost-effective 

detection of carbapenem resistance and discrimination between different carbapenemases are 

important to prevent spread and to facilitate appropriate treatment. The development of reliable 

detection systems strongly depends on the availability of highly affine and specific molecular 

recognition molecules. Aptamers are promising molecular recognition molecules. They are 

small and chemically synthesized, single stranded (ss) DNA or RNA molecules that bind to 

their targets with high affinity and specificity. Aptamers are selected by an in vitro selection 

process that can be tailored to suit the desired application. Chemical synthesis of aptamers 

minimizes batch-to-batch variations and facilitates easy and cost-effective modifications. Yet, 

an effective aptamer selection process is often hampered by non-specific binding to side 

targets. Thus, negative selections against potential side targets are recommended. In this 

work, selections were carried out against N-terminally polyhistidine (His)-tagged New Delhi 

metallo-beta-lactamase 1 (His-NDM-1) and Klebsiella pneumoniae carbapenemase-2 

(His-KPC-2). Eleven selection rounds (SRs), partially conducted with negative selections 

against His-tagged carbapenemases did not result in the identification of aptamers. Three 

consecutive SRs without negative selections against His-tagged proteins resulted in the 

identification of high-affinity His-tag aptamers, only one His-KPC-2 and no His-NDM-1 

aptamer. To facilitate carbapenemase binding while preventing His-tag binding, the selection 

against His-KPC-2 was restarted from SR eleven and three different selection strategies were 

designed. The strategies included masking of the His-tag and competitive elution of 

His-tag-binding sequences using a truncated version of the previously selected His-tag 

aptamer as well as immobilization of the protein via its His-tag. After three SRs, sequencing 

data was analyzed for the enrichment of a motif that is likely involved in His-tag binding. Based 

on this analysis, the masking approach was identified as the most promising strategy. Binding 

to His-KPC-2 was demonstrated for several aptamers. Two of these aptamers were further 

characterized for binding properties. Both very likely did not bind to the His-tag. Consequently, 

an aptamer-based lateral flow assay was developed for His-KPC-2. The masking approach 

was also applied to selection against His-NDM-1. Here, an aptamer with a binding affinity in 

the high nanomolar to low micromolar range, without cross reactivity to another His-tagged 

carbapenemase and a synthetic hexa-His peptide was identified. This aptamer may serve as 

a valuable tool for the detection of the very prevalent and harmful carbapenemase NDM-1.  
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2. Zusammenfassung 

Die zunehmende Verbreitung von carbapenemase-produzierenden, multiresistenten 

Enterobacteriaceae stellt ein weltweites Gesundheitsrisiko dar. Carbapenem-Antibiotika 

(Carbapeneme) wurden lange Zeit als letztes Mittel zur Behandlung von Infektionen mit 

multiresistenten Bakterien eingesetzt. Jetzt, da Bakterien in der Lage sind Enzyme zu 

entwickeln, die Carbapeneme unwirksam machen, sind die Behandlungsmöglichkeiten 

begrenzt und die Gesundheitssysteme stehen vor einer schnell wachsenden Heraus-

forderung. Ein einfach zu handhabender und kosteneffizienter Nachweis der Carbapenem-

Resistenz, sowie die Unterscheidung zwischen verschiedenen Carbapenemasen, sind 

wichtig, um die Ausbreitung von carbapenem-resistenten Bakterien zu verringern und eine 

angemessene Behandlung zu ermöglichen. Voraussetzung für die Entwicklung eines 

verlässlichen Carbapenemase-Nachweissystems ist der Einsatz von hoch-affinen und 

spezifischen Erkennungs-molekülen. Vielversprechende Erkennungsmoleküle sind zum 

Beispiel Aptamere. Bei Aptameren handelt sich um kleine, chemisch hergestellte, 

einzelsträngige DNA- oder RNA-Moleküle, die mit hoher Affinität und Spezifität an Ziel-

moleküle binden können. Sie werden in einem in-vitro-Selektionsverfahren generiert, das 

spezifisch an die geplante Art der Nutzung angepasst werden kann. Die chemische Synthese 

der Aptamere minimiert Qualitäts-schwankungen zwischen verschiedenen Chargen und 

ermöglicht kostengünstige Modifizierungen. Ein effektiver Aptamer-Selektionsprozess wird 

jedoch häufig durch unspezifische Bindungen an Nebenepitope behindert. Daher wird eine 

Negativselektion gegen potenzielle Nebenepitope empfohlen.  

In dieser Arbeit wurden Selektionen gegen N-terminal Polyhistidin (His)-markierte Carba-

penemasen Neu-Delhi-Metallo-beta-Laktamase 1 (His-NDM-1) und Klebsiella pneumoniae 

Carbapenemase-2 (His-KPC-2) durchgeführt. Elf Selektionsrunden, die teilweise mit Negativ-

selektionen gegen andere His-markierte Carbapenemasen durchgeführt wurden, führten nicht 

zur Identifizierung von Aptameren. Drei darauffolgende Selektionsrunden ohne Negativ-

selektionen gegen His-markierte Proteine führten zur Identifizierung von Aptameren mit hoher 

Affinität zur His-Markierung, nur einem His-KPC-2 Aptamer und keinen His-NDM-1 Aptamer. 

Um die Carbapenemasebindung zu ermöglich, gleichzeitig aber die Bindung der His-Mar-

kierung zu verhindern, wurde die Selektion gegen His-KPC-2 ab der elften Selektionsrunde 

wiederholt und es wurden drei unterschiedliche Selektionsstrategien entwickelt. Diese beinhal-

teten die Maskierung der His-Markierung und die kompetitive Elution His-Markierungs-

bindender Sequenzen mit einer verkürzten Version des zuvor selektierten His-Markierungs-

Aptamers, sowie die Immobilisierung des Proteins über die His-Markierung. Nach drei Selek-

tionsrunden wurden die Sequenzierungsdaten hinsichtlich der Anreicherung eines Sequenz-

motivs untersucht, dass wahrscheinlich an der Bindung der His-Markierung beteiligt ist. 
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Anhand dessen konnte die Maskierungsstrategie als die Vielversprechendste ausgewählt 

werden. Nach der Analyse des angereicherten Nukleinsäurepools und dem Screening von 

potenziellen Aptamerkandidaten konnte für mehrere Aptamere eine Bindung an His-KPC-2 

gezeigt werden. Für zwei weiterführend charakterisierte Aptamere konnte gezeigt werden, 

dass sie wahrscheinlich nicht an die His-Markierung binden. Aufgrund dessen wurde im 

Folgenden ein aptamer-basierter Schnelltest zur Detektion von His-KPC-2 entwickelt. Der 

Maskierungsansatz wurde auch bei der Selektion gegen His-NDM-1 angewendet. Es wurde 

ein Aptamer mit einer hoch nanomolaren bis niedrig mikromolaren Bindungsaffinität, ohne 

Kreuzreaktivität zu einer anderen His-markierten Carbapenemase sowie zu einem synthe-

tischen hexa-His Peptid, identifiziert. Dieses Aptamer kann als wertvolles Erkennungsmolekül 

für den Nachweis der sehr verbreiteten und gesundheitsgefährdenden Carbapenemase 

NDM-1 dienen.  
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3. Introduction 

3.1. β-Lactam Antibiotics 

Since their discovery, antibiotics have become an essential part of modern medicine as they 

facilitate the treatment of previously life-threatening bacterial infections. The most relevant and 

commonly used family of anti-bacterial drugs are beta-lactam antibiotics 1. Members of this 

family contain a cyclic amide (lactam), with the nitrogen atom attached to the β-carbon atom 

relative to the carbonyl (β-lactam) (Figure 1) and act as inhibitors of bacterial cell wall 

synthesis 2.  

 

Figure 1: The basic structure of different classes of β-lactam antibiotics. The β-lactam ring is highlighted in red. 

Drawing based on Palacios et al. (2020) 3. 

Bacterial cell walls cover the cytoplasmic membrane. They mainly consist of a rigid network of 

cross-linked hetero polymers called peptidoglycans (PGN). Gram-positive bacteria have a 

thick (20 - 80 nm) cell wall which represents the outer shell of the cell. In Gram-negative 

bacteria, the cell wall is thinner (< 10 nm) and covered by an additional cell membrane 4. For 

both Gram-negative and Gram-positive bacteria, cell walls are pivotal to maintain their shape 

and to withstand intracellular pressure. For many bacteria, mutations affecting PGN synthesis 

are inter alia associated with defects in cell shape 5.  
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PGN biosynthesis can be divided into three main stages: 

1. Production of uridine diphosphate (UDP)-acetylmuramyl-pentapeptide in the cytoplasm 

2. Hetero polymer formation (UDP-acetylmuramyl-pentapeptide and UDP acetylglucos-

amine), linkage to phospholipids in the cytoplasmic membrane, movement through the 

cytoplasmic membrane and orientation through the periplasm 

3. Cleavage from the cytoplasmic membrane and crosslinking completion catalyzed by 

transpeptidases 

The last step of cell wall synthesis, the transpeptidation reaction, is targeted by β-lactam 

antibiotics. They bind to the transpeptidases and inhibit their action, resulting in a weak cross-

linking of the PGN network. Weakly cross-linked cell walls make bacterial growth highly 

susceptible for cell lysis due to osmotic rupture 6. Inhibition of bacteria-specific enzymes 

required for cell wall synthesis, ensures selective toxicity, and makes its use in humans and 

animals safe 7. β-lactam antibiotics can be roughly classified as penicillins, cephalosporins, 

monobactams and carbapenems (Figure 1). 

3.1.1. Penicillins 

Benzylpenicillin (also called Penicillin G) was discovered in 1928 by Alexander Fleming 8 and 

became commercially available in 1942. It is active against Gram-positive bacteria and strongly 

decreased the prevalence of streptococci as nosocomial pathogens. However, the first 

penicillin resistant Staphylococcus aureus isolates were found as early as 1942, which were 

resistant due to the expression of a penicillinase 9. In subsequent years, penicillins were 

chemically improved to increase their stability to penicillinases and to broaden their spectrum 

so that they were also effective against Gram-negative pathogens. Improved stability to 

penicillinases was achieved by replacement of the benzene ring with an isoxazol ring resulting 

in isoxazolylpenicillins like methicillin and oxacillin which are primarily used for the treatment 

of staphylococcal infections 10. Activity against Gram-negative bacteria was achieved by the 

addition of an amin group in -position of a benzyl-penicillin (aminopenicillin), e.g., ampicillin 

and amoxicillin. Even though penicillins were continuously improved to increase or maintain 

efficacy, bacteria adapted quickly through acquisition of genes encoding new β-lactam 

hydrolyzing enzymes (β-lactamases) 7. Thus, the search for new agents with antibiotic activity 

continued. 
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3.1.2. Cephalosporins 

The original member of the cephalosporin subfamily, Cephalosporin C was characterized in 

1961. It contains a side chain derived from D-α-aminoadipic acid condensed with a 

dihydrothiazine β-lactam ring system making it resistant to staphylococcal penicillinase 11. 

Cephalosporins can be divided into five generations. First generation cephalosporins were 

introduced in the mid-1960s and are resistant to β-lactamases known at that time. They further 

permeate the outer membrane of Gram-negative bacteria more readily than penicillins. 

However, the emergence of bacterial isolates with lower cell wall permeability and the 

hyperproduction of cephalosporinases decreased treatment success in patients. Later 

generations of cephalosporins are characterized by higher stability against β-lactamases and 

increased activity against Gram-negative bacteria. Yet, mutations in β-lactamase genes 

resulted in new β-lactamase mediated resistance. In 1983 the discovery of isolates, resistant 

to oxyiminocephalosporins mediated by extended-spectrum β-lactamases (ESBL) heralded a 

new era of resistance 12.  

3.1.3. Monobactams 

In contrast to bicyclic β-lactam antibiotics, monobactams have a single β-lactam ring (see also 

Figure 1). The ring itself has weak antibiotic activity and requires molecular substituents. 

Monobactams are resistant to a broad range of β-lactamases, yet labile to class A 

chromosomal β-lactamase of Klebsiella oxytoca, class C β-lactamases, and ESBLs. The only 

clinically used monobactam is aztreonam with primary activity against Gram-negative 

bacteria 12,13.  

3.1.4. Carbapenems  

The emergence and widespread expression of β-lactamases necessitated the search for new 

classes of β-lactam antibiotics. In the late 1970s two examples of a so far unknown β-lactam 

antibiotic class were discovered in Gram-positive bacteria 14,15. Olivanic acid from 

Streptomyces olivaceus and thienamycin from Streptomyces cattleya share special features 

in their two cyclic β-lactam rings. Here, the sulfur in the β-lactam ring structure is replaced by 

a methylene group, and the C2-C3 bond is unsaturated (double bond). Thienamycin further 

stands out due to its side chain at C6 of the β-lactam ring which is in trans configuration. Up to 

this point, classical β-lactam antibiotics all shared C6 side chains in the cis configuration 16. 

While olivanic acid displays poor antimicrobial activity, it functions as a potent β-lactamase 

inhibitor in both Gram-positive and Gram-negative bacteria. Thienamycin shows antibacterial 

activity as well as β-lactamase inhibition and became the precursor of carbapenem antibiotics. 
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Therapeutical use of thienamycin was prohibited by its instability in concentrated solutions. 

Nevertheless, therapeutically used carbapenem antibiotics are structural analogues of 

thienamycin. Carbapenems have the broadest spectrum of activity of all β-lactamase 

antibiotics and great stability against a wide range of β-lactamases which has been attributed 

to the trans configuration of the C6 side chains 17. Hence, up to this day, carbapenem 

antibiotics are considered as drugs of last resort for patients infected with multi-drug resistant 

bacteria 18.  

3.2. β-Lactamases 

When Penicillin was discovered in the early 20th century, the battle against bacterial infection 

seemed to be won. However, it quickly turned out that bacteria were able to develop resistance 

mechanisms against this kind of medication. Increasing use of antibiotics in humans and 

animals as well as inappropriate prescriptions have exacerbated the resistance problem 19. To 

date, bacterial resistance remains a global threat to human health 20.  

Bacterial resistance can be divided into natural resistance or acquired resistance. Natural 

resistance occurs universally in bacterial species and is not dependent on previous exposure 

to antibiotics or horizontal gene transfer. Acquired resistance is either mediated by horizontal 

gene transfer or mutations in the chromosomal DNA 21. Mechanisms of bacterial resistance 

can be divided into four categories which are: Limitation of drug uptake, modification of the 

drug target, drug inactivation, and active drug efflux. Limitation of drug uptake is part of natural 

resistance while modification of the drug target is usually acquired. Drug inactivation and drug 

efflux can be part of both – natural and acquired resistance. Excessive exposure to antibiotics 

can be a cause for the acquisition of resistances as it functions as a selective pressure that 

favors genetic mutations. Natural resistance is an ancient phenomenon and an expected result 

of the interaction of microorganisms and the environment they live in. In the clinical setting, the 

bigger concern is the increasing emergence of acquired resistance in bacterial populations that 

used to be susceptible to a certain kind of antimicrobial drug 21. One of the most worrisome 

developments is the increasing resistance to an extended spectrum of β-lactams in Gram-

negative bacteria, especially in Enterobacteriaceae. While β-lactam antibiotics are the most 

frequently used class of antibiotics, Enterobacteriaceae are among the most common human 

pathogens and are also inhabitants of the intestinal flora. While colonialization with 

Enterobacteriaceae is part of a healthy intestinal flora, infections with certain strains can cause 

digestive disorders, severe diarrhea, or urinary tract infections 22. Enterobacteriaceae spread 

easily from person to person, e.g., through hand contact, contaminated water, or food, and are 

capable of rapid horizontal gene transfer 23.  
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In general, resistance to β-lactams is mediated through three mechanisms. The first 

mechanism is characterized by the alteration of existing or the acquisition of new 

transpeptidases, enzymes required for PGN synthesis that no longer interact with the drug. 

The second and third mechanisms are based on the expression of either efflux pumps or 

β-lactam hydrolyzing enzymes: β-lactamases. The production of β-lactamases is the most 

important resistance mechanism against β-lactam antibiotics and most commonly used by 

Gram-negative bacteria 24. β-lactamases are commonly classified by the Ambler classification 

(class A-D) which is based on amino acid homology. Members of classes A, C and D are 

serine-β-lactamases while members of class B are metallo-β-lactamases that require Zn2+ for 

their activity. Members of class A are inter alia penicillinases and ESBL, class C contains 

cephalosporinases, class D oxacillinases and class B certain carbapenemases like New Delhi 

metallo-β-lactamase 1 (NDM-1).  

3.3. Carbapenemases 

The development of ever newer, improved β-lactam antibiotics has been accompanied by the 

acquisition of ever newer β-lactamase-encoding genes in bacteria. However, the discovery of 

carbapenem antibiotics brought along hope. The extensive stability against β-lactamases and 

their broad spectrum of activity made them potent agents of last resort. Yet, the first 

β-lactamase with the ability to hydrolyze carbapenems in Enterobacteriaceae was already 

identified in 1993 25. To date, resistance to carbapenems is increasingly detected in both 

nosocomial and community-acquired infections. Carbapenem-resistant Enterobacteriaceae 

(CRE) are associated with longer hospital admissions, higher health care costs and increased 

mortality than susceptible Enterobacteriaceae 26. In general, there are three particularly 

relevant mechanisms by which Enterobacteriaceae can become carbapenem-resistant, which 

are enzyme (carbapenemase) production, expression of efflux pumps and porin mutation 27. 

The latter two mechanisms are not transferable via horizontal gene transfer and may be 

accompanied by a significant fitness loss. Carbapenemase production is considerably more 

important from a human health perspective as carbapenemase producing CRE are associated 

with higher minimum inhibitory concentrations (MICs) of carbapenems and mortality than 

non-carbapenemase producing-CRE 20. 

Carbapenemases are mostly β-lactamases from classes A, B and D that hydrolyze most 

β-lactams including carbapenems. Clinically important types of carbapenemases are, for 

example, the Klebsiella pneumoniae carbapenemase (KPC) type. KPCs are a group of class A 

β-lactamases that were first reported in the early 2000s 28,29. Only a few years later, KPC type 

carbapenemases were also reported in other bacterial species such as Salmonella enterica 30 

and Klebsiella oxytoca 31. KPC type carbapenemases hydrolyze all β-lactams but can be 
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inhibited by boronic acid, and partially by clavulanic acid and tazobactam. Class B carba-

penemases in Enterobacteriaceae are inter alia Verona Integron-encoded metallo-β-lacta-

mases (the VIM type), the NDM type and carbapenemases classified by their activity against 

impenem (the IMP type). They have the highest carbapenemase activity and a broad spectrum 

of activity, hydrolyzing almost all β-lactams except for the monobactam aztreonam. Class B 

carbapenemases are not inhibited by common β-lactamases inhibitors. However, as they 

require a divalent zinc ion for activity, chelators like ethylenediaminetetraacetic acid (EDTA) 

can inhibit their activity. Class D carbapenemases are of the oxacillinase (OXA) type. They 

weakly hydrolyze carbapenems and broad spectrum cephalosporins and are neither inhibited 

by clavulanic acid nor by EDTA 32.  

3.4. Carbapenemase Detection 

The identification of carbapenemase producing CRE colonized patients is pivotal for adequate 

treatment and the prevention of further spread. Discrimination between different types of 

carbapenemases is further relevant as certain new antibacterial drugs, like ceftazidime-

avibactam show activity against some carbapenemases (like the KPC type) but not against 

others (like the NDM type) 33. To date, detection of carbapenemases can be performed by 

molecular testing to identify carbapenemase encoding genes, by phenotypic activity tests that 

detect carbapenemase activity or by immunoassays which detect carbapenemases on the 

protein level. Molecular tests such as polymerase chain reaction (PCR) provide accurate 

results and high sensitivity. However, gene mutations may impede detections and well-trained 

personnel, as well as costly equipment, are required. Furthermore, for genomic analysis, no 

information about carbapenemase expression on the protein level is available 34. Phenotypic 

activity tests, like the modified Hodge test, the carbapenemase inactivation method or 

Carba NP test, are inexpensive and easy to handle 35. Yet, they mostly fail to distinguish 

between different types of carbapenemases. Additionally, false positive results may occur in 

some cases when bacteria produce the cephalosporinase AmpC in combination with porin 

mutations 34. Lateral flow devices (LFD) utilizing antibodies as recognition elements (lateral 

flow immunoassay, LFIA) facilitate detection of carbapenemases on the protein level. 

Discrimination between different carbapenemase types is possible by using specific 

antibodies. Furthermore, LFIAs are usually cost and time efficient and can be operated by 

non-specialized users. Over the last decade, several LFIAs have been developed allowing 

simultaneous detection of up to five different carbapenemase types (NDM, KCP, IMP, VIM and 

OXA in case of NG-Test® CARBA 5 from NG Biotech) with high sensitivity and specificity 36-38. 

Hence, LFIAs are valuable tools for the detection of carbapenemases.  
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3.5. Lateral Flow Devices 

An LFD test strip is comprised of several, overlapping membranes which are fixed on a backing 

card. The pretreated sample is applied to the sample pad which is coated with suitable buffer 

components. Through capillary forces, the sample migrates to the conjugate pad which 

contains recognition molecules that are conjugated to reporter molecules such as gold 

nanoparticles (Au-NPs). From here, the sample migrates toward the detection zone along with 

a complex of the reporter molecule and the analyte in the sample. The detection zone is a 

membrane with two different lines. One is the test line, the other the control line 39. The test 

line indicates the presence of a specific analyte in a sample, while the control line indicates the 

correct fluid flow and activity of the test reagents. The composition of the test line as well as 

its readout differ depending on the LFD format. The classical LFD format is the sandwich assay 

format (Figure 2).  

 

Figure 2: Principle of an aptamer-based LFD in the sandwich assay format. P1-P3 with the analyte present in the 

sample and N1-N3 without the analyte. The tested sample is applied to the sample pad and migrates to the 

conjugate pad coated with analyte-specific aptamers conjugated to reporter molecules (P1, N1). The analyte is 

bound by the aptamer-reporter conjugate (P1) and migrates to the detection zone. Here, the test line is coated 

with another type of analyte-specific aptamers (P2, N2), capturing the analyte-aptamer-reporter molecule 

complex (P2). Remained, unbound reporter-aptamer conjugates further migrate to the control line, coated with 

aptamer binding molecules (capture oligo) (P3, N3). A positive result is indicated by two signals derived from the 

test and the control line (P3). A negative result is indicated by only one signal derived from the control line (N3). 

Figure design in collaboration with Sebastian Wieser.  
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Here, a second analyte detection molecule (capture molecule) is applied to the membrane, 

which captures the complex of analyte, detection molecule, and reporter molecule, resulting in 

a visible line and indicating a positive test result. Sandwich assay formats are commonly used 

for analytes with higher molecular weight that offer different binding epitopes for the capture 

and detection molecules. The detection of smaller molecules is often limited to competitive 

LFD formats (Figure 3).  

 

Figure 3: Principle of an aptamer-based LFD in the competitive assay format.  P1-P3 with the analyte present in 

the sample and N1-N3 without the analyte. The tested sample is applied to the sample pad and migrates to the 

conjugate pad coated with analyte-specific aptamers conjugated to reporter molecules (P1, N1). The analyte is 

bound by the aptamer-reporter conjugate (P1) and migrates to the detection zone. Here, the test line is coated 

with the analyte. Unbound reporter-aptamer conjugates bind to the analyte molecules immobilized on the test 

line and to the aptamer binding molecules (capture oligo) immobilized on the control line (N2). Analyte-

aptamer-reporter molecule complexes do not bind to the target molecules immobilized on the test line but 

migrate to the control line where they bind to the capture oligos immobilized on the control line (P2). A positive 

result is indicated by only one signal derived from the control line (P3). A negative result is indicated by two 

signals derived from the test and the control line (N3). Figure design in collaboration with Sebastian Wieser.  

In the case of a competitive LFD format, the test line consists of the analyte molecule itself. 

When the analyte is present in the sample, the complex of analyte, detection molecule, and 

reporter molecule is formed. Thus, the detection molecule can no longer bind to the analyte on 

the test line and therefore moves on to the control line. Here, no signal from the test line 

indicates a positive test result. In case the analyte is not present in the sample, the detection 

molecule - reporter molecule conjugate binds to the analyte on the test line and a visible line 

appears which indicates a negative test result 40. In both LFD formats, the control line is 
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impregnated with capture molecules that recognize the detection molecule independently of 

the analyte, ensuring the validity of the results obtained. After passing the control line, the 

excess liquid is absorbed by an absorption pad and prevented from flowing back into the 

detection zone. 

3.6. Aptamers 

Key components of LFD are recognition molecules, responsible for capture and detection of 

the analyte in a sample. Their binding properties are decisive for the sensitivity and selectivity 

of the assay. Traditionally, antibodies have been the molecules of choice. They often exhibit 

high affinity and specificity to their target molecules as well as high serum stability 41. 

Furthermore, handling of antibodies for LFD development has been tried and tested for 

decades. Yet, there is another very promising class of recognition molecules, so-called 

aptamers, that offers certain advantages over antibodies and bears high potential for the 

development of robust, highly affine, and specific LFDs. Aptamers are single-stranded 

(ss) DNA or RNA molecules that bind to their target molecules with high affinity and specificity 

via their three-dimensional structure. Three-dimensional aptamer structures are influenced by 

the aptamer sequence and the properties of the used solvent. The chemical nature of aptamer 

synthesis allows easy and cost-efficient modification and is almost free of batch-to-batch 

variations 42. Aptamers have been selected against a wide range of target molecules, including 

metal ions 43, small molecules 44, proteins 45 viruses 46, bacteria 47 and other whole cells 48. 

Dissociation constants for aptamers often reach up to the low nanomolar or high picomolar 

range which is comparable to many monoclonal antibodies. An in vitro aptamer selection 

process allows convenient adaptation to desired assay conditions and is not limited to 

immunogenic or non-toxic targets. Aptamers can refold after denaturation and are small, 

allowing repeated use, for example as recognition elements in assay platforms, and 

high-density sensor loading. The numerous desirable features of aptamers make them ideal 

candidates for several application fields, including food and environmental safety, bioimaging, 

therapeutics and diagnostics 49. Especially the implementation of aptamers in biosensors 

(aptasensors), like electrochemical aptasensors 50-52, optical aptasensors (including LFDs) 53-56 

and mass sensitive aptasensors 57,58 resulted in the development of numerous, sensitive 

detection systems 59. 
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3.6.1. Selection of Aptamers by SELEX 

Aptamers are predominantly generated in an in vitro selection process called systematic 

evolution of ligands by exponential enrichment (SELEX), first described in 1990 60,61. SELEX 

consists of iterative cycles of incubation of ssDNA or RNA with the target molecule, removal 

of non-binding sequences, and an elution and amplification of bound sequences which are 

then used as the nucleic acid pool for the next round of selection. An exemplary SELEX 

procedure with a ssDNA library and target immobilization on magnetic beads to facilitate the 

separation of bound and unbound sequences used for a semi-automated SELEX 62 is 

represented in Figure 4. 

 

Figure 4: SELEX process with an ssDNA library. The iterative SELEX process starts with a highly diverse ssDNA 

library that usually consists of a randomized stretch (dark grey), flanked by two defined stretches (light gray) 

serving as primer binding sites. The ssDNA is incubated with a target molecule that can be immobilized on 

magnetic beads which are washed to remove non-binders and collected using a magnet. Bound ssDNA molecules 

are eluted and amplified via PCR. Subsequently, ssDNA is regenerated for use in the next selection round. After 

every round of selection enrichment and binding properties of the nucleic acid pool can be evaluated. Graphical 

representation based on Wochner et al. (2007) 62. 

Selection starts with a highly diverse oligonucleotide library with a variety of approximately 

1014 - 1015 different sequences 63 (for more detailed information see 3.6.2). Usually, the library 

consists of two constant primer binding sites flanking a randomized region of mostly 20 - 60 

nucleotides (nt). If the selection of ssDNA aptamers is desired, the library can be used without 

pretreatment. If RNA is used, the ssDNA library or DNA pool needs to be transcribed prior to 

each round of selection. The library is then incubated with the target molecule. Incubation times 
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and buffer conditions can be conveniently tailored regarding the desired application. The 

following step, a key step in SELEX, the separation of bound and unbound sequences, is often 

facilitated by immobilization of the target molecule on a solid matrix like magnetic beads (see 

also Figure 4). Here, unbound sequences are removed by extensive washing. Bound 

sequences are then eluted either nonspecifically or specifically. Nonspecific elution can be 

performed using heat and substances like urea, sodium dodecyl sulfate (SDS) or EDTA to 

denature and thereby elute all remaining sequences 64-66. Specific elution of target bound 

sequences can be facilitated by competition using either the target molecule or competitive 

binders in excess 67,68. Moreover, immobilization of the target molecules via, e.g, photo or 

redox-based cleavable linkers or on affinity resins allows specific elution of the aptamer-target 

complexes 67,69,70. Amplification of eluted sequences is performed by PCR using the constant 

regions of the nucleic acid library as primer binding sites. Double-stranded (ds)DNA is either 

transcribed into RNA or converted into ssDNA, for example, by asymmetric PCR 71, alkaline 

denaturation 62, size separation on denaturing poly acryl amide gels 72 or exonuclease 

digestion of the antisense strand 73. The progress of the SELEX procedure can be monitored, 

e.g., by (real-time) PCR, next generation sequencing (NGS), radio- or fluorescent labeling of 

the nucleic acid pool or melting curve analysis 63. Thereby, bound sequences can be quantified 

and / or the decrease in nucleic acid pool diversity (referred to as enrichment) can be analyzed. 

Furthermore, affinity to the target, can be monitored by various methods like surface plasmon 

resonance spectroscopy (SPR), electromobility shift assay (EMSA), fluorescent dye-linked 

aptamer assay (FLAA) or isothermal titration calorimetry (ITC) 62,74.  

3.6.2. Design of a SELEX Library 

Prior to starting a selection, the design of a suitable nucleic acid library is pivotal for successful 

aptamer selection. Many advantages of aptamers, such as high binding affinity and ease of 

chemical synthesis, strongly depend on the nature of the nucleic acid library. Critical factors of 

library design are the choice of the chemical nature of the nucleic acid, the inclusion of 

modifications and the length of the random region. 

In the early years of aptamer development, RNA libraries were primarily used because it was 

assumed that only RNA had the ability to fold into functional structures. However, Ellington 

and Szostak showed early on that ssDNA is also capable of adopting functional structures 75. 

Although the structural complexity of RNA oligonucleotides can be higher than that of their 

ssDNA counterparts 76, DNA offers the advantage of higher chemical and biological stability 

as well as a simpler and less expensive manufacturing process 77. In addition, differences in 

the affinity of DNA and RNA molecules for their targets are not striking 78. Hence, the choice 

of the nature of the nucleic acid library is mainly influenced by the planned application. The 
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application is also crucial for the decision whether a modified library should be used. If the 

intended use includes the need for aptamer functionality in physiological samples like serum, 

nuclease susceptibility of both RNA and DNA can be detrimental. Here, libraries containing 

modified nucleic acids with improved nuclease stability can be beneficial. Generally, nucleic 

acids can be introduced at the sugar moieties, e.g., 2′-O-methyl and 2′-fluoro ribose, the 

nucleobases, e.g., 5-ethynyl-2′-deoxyuridine or the backbone, e.g., phosphorothioate modi-

fications 79,80. Modified libraries have the advantage that modifications are introduced prior to 

selection as all post-SELEX modifications may alter the aptamers binding properties 78. 

However, the synthesis of modified libraries as well as the potential need for mutated 

polymerases for amplification throughout SELEX increases selection costs strongly.  

Another critical factor for SELEX library design is the length of the randomized region as it 

largely accounts for its diversity. It is generally believed that a diversity of 1015 nt is sufficient 

for successful aptamer selection 81. This corresponds to a nucleic acid library consisting of 

25 nt (425 = 1.1 * 1015). Due to limitations in the amount of the library used for selection, larger 

libraries may not be fully represented. However, libraries with larger randomized regions offer 

a higher diversity of three-dimensional structures. Furthermore, library length has an impact 

on experimental procedures throughout SELEX and on post-SELEX processes. Longer DNA 

templates are more prone to byproduct formation and polymerase chain reaction (PCR) is less 

efficient for templates longer than 100 nt 82. They are also less efficiently transcribed in the 

case of an RNA library. Chemical synthesis of selected aptamers decreases in efficiency and 

increases in cost with increasing length. Thus, the optimal length of the randomized regions 

should provide enough diversity for the formation of a variety of three-dimensional structures 

but should not encumber the synthesis and the selection process. Mostly, randomized regions 

are designed to consist of 20 - 60 nt 81.  

3.6.3. SELEX Strategies 

A step of high relevance throughout the selection process is the partitioning of target-bound 

from unbound sequences. A variety of SELEX methods facilitate this crucial step in different 

ways. Some depend strongly on the type of target molecule such as cell-SELEX for cells 59 or 

capture-SELEX for small molecules 83,84. For protein targets, early SELEX studies used 

nitrocellulose filter binding for the partitioning of bound and unbound sequences. While 

unbound sequences pass the filter, protein-bound sequences are retained. An advantage of 

this method is the equilibrium binding of aptamer and target in solution. Yet, the efficiency of 

protein capture varies for different proteins and experimental conditions. Furthermore, 

cellulose binding aptamers have been identified that share a tendency for G-richness 85,86. 

Thus, binding of G-rich sequences to the filter may hamper selection success. The 
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immobilization of the target molecule on column material is another frequently used technique. 

However, large amounts of the target molecule have long been required 87. To date, micro-

columns may present a suitable alternative. Bead-based SELEX can circumvent some of the 

limitations described above. A variety of coupling chemistries and affinity resins replace 

non-specific adsorption, allowing e.g., covalent, or site-directed immobilization. Incubation with 

the nucleic acid library or nucleic acid pools after a selection round (SR) can be done with 

pre-immobilized target or in solution prior to immobilization. Both methods bear certain pitfalls. 

Pre-immobilization can lead to artifactual cooperative binding if immobilization is performed at 

high density. Capturing of targets bound to aptamers after incubation in solution requires a 

larger amount of beads that can attract matrix-binding aptamers 88. Nevertheless, convenient 

fine-tuning of selection stringency is possible and very little specialized equipment as well as 

small amounts of the target protein are required. SELEX methods that omit the requirement 

for target immobilization include EMSA-SELEX and capillary electrophoresis SELEX. Both 

methods facilitate in-solution binding, however, are limited to target molecules that induce an 

electrophoretic shift. More advanced methods like microfluidic, microarray- or SPR-based 

SELEX have been proposed and offer advantages like parallel selection in microfluidic 

systems or the need for very limited selection rounds. Yet, they often require specialized 

equipment and are thus not available for many users 88. The choice of a SELEX strategy is 

also influenced by the target molecule and the planned application field. Selection strategies 

employing libraries with modified nucleic acids like click-SELEX 89 or Spiegelmer-SELEX 90 

can offer advantages like an expanded chemical diversity of the nucleobases or higher stability 

in complex media 69 (see also 3.6.2). 

3.6.4. Post-SELEX Processes 

After a certain amount of SELEX cycles, usually between 6 and 20, the pool’s affinity to the 

target molecule does not improve further. Nucleic acid pools can be either cloned and 

sequenced or prepared for next generation sequencing (NGS). While for cloning and Sanger 

sequencing, sequencing data coverage mostly does not exceed a few hundred clones 62,91,92, 

NGS allows parallel sequencing of tens of thousands to billions of DNA samples 93. NGS 

approaches that first entered the market are short-read techniques facilitating massive, parallel 

sequencing of DNA fragments of 250 - 800 base pairs (bp). They are either based on 

sequencing by synthesis employing polymerases, like pyrosequencing (e.g., Roche platforms) 

or reversible dye termination (e.g., Illumina platforms), or on sequencing by ligation (e.g., Life 

Technologies platforms) 94. Newer techniques focus on sequencing single molecules. Thereby 

they allow read lengths exceeding 10 kilo bases and prevent amplification bias. Sequencing 

data is generated by detection of incorporation of fluorescently labeled nucleotides (used in 
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Pacific Biosciences platforms) or changes of the electrical conductance during translocation of 

single DNA strands through nanopores (used in Oxford Nanopore Technologies 

platforms) 93,95. Using NGS, the entire nucleic acid pool is sequenced, and not just a few 

selected clones. Furthermore, nucleic acid pools from various selection rounds can be 

sequenced in parallel, providing even more information about the SELEX process 96. 

Sequencing data is analyzed bioinformatically, and prominent sequences can be chemically 

synthesized and characterized regarding their affinity and specificity.  

Aptamer characterization aims to verify whether selected sequences bind to the target 

molecule. Qualitative results can be obtained, for example by radioactivity-. fluorescence- or 

electrophoresis-based assays like radioactive binding assay, FLAA or EMSA 45,97. Beyond this, 

quantitative methods are used to test binding properties of the selected aptamers. Methods of 

choice are MicroScale Thermophoresis (MST), ITC or SPR 98. 

Finally, characterized sequences can be optimized. Truncated versions of aptamers are 

generally lower in production costs and may even exhibit more desirable binding parameters. 

Research by Cowperthwaite and Ellington suggests that aptamer function is mostly inde-

pendent of the primer binding regions 99. Hence, removal of these regions appears rational. 

Further truncations may be based on secondary structure predictions, comparison with similar 

sequences obtained from sequencing of the nucleic acid pool or from structure analysis like 

NMR or X-ray crystallography. Nuclease resistance can be increased by chemical modifi-

cations of the sugar rings, bases, or phosphodiester linkage 100. Base modification can also 

improve binding affinity of aptamers. Clickmers and SOMAmers, e.g., reach desirable binding 

parameters by increasing the limited chemical diversity of the four nucleic acid bases 69,101. 

Another approach to increase the affinity of a selected aptamer is the conduction of a doped 

SELEX. The aptamer sequence is partially randomized which creates a new, doped library. 

NGS data can be used to identify motifs which may be important for binding. Such motifs can 

be excluded from randomization to maintain affinity for the target molecule. The doped library 

can be employed for a limited number of SELEX cycles in order to select for sequences with 

binding properties that are superior to those of the initially selected aptamer 102.  

3.6.5. Possible Pitfalls throughout SELEX  

Aptamers are promising molecules for a wide range of applications. Over the last three 

decades various methods were developed for the optimization of the selection, pre- and 

post-SELEX processes to obtain highly affine and specific binders. Yet, some pitfalls remain 

that impede efficient aptamer selection. One of the major pitfalls of SELEX is the selection of 

non-target binders. Commonly used SELEX-methods rely on immobilization of the target 
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molecule on a solid support. Here, the immobilization matrix may serve as an undesired side 

target against which aptamers may be selected 103. Another critical aspect with high impact on 

the outcome of selection is the sourcing and quality of the target molecule. In case of a protein 

target, recombinant proteins are often expressed including purification tags to facilitate 

isolation from cell lysates. Highly pure target molecules are desirable for SELEX to ensure the 

selected aptamers are selectively directed against the target of choice. Common purification 

tags include small-size tags like His-, FLAG-, Strep II- or calmodulin-binding-tag, as well as 

large size tags like maltose-binding protein or glutathione S-transferase-tag. While large tags 

can improve protein solubility, they can also affect the folding and biological activity of the 

protein and need to be removed after purification. Smaller tags usually have minimal impact 

on structure and function and are therefore not frequently removed. The most commonly used 

tag is the His-tag because it is small, contains no charge, and has very low toxicity and 

immunogenicity 104. The His-tag does not interfere with a variety of downstream applications 

and many commercially available proteins include N- or C-terminal His-tags. However, when 

performing SELEX, purification tags may also serve as additional, potentially binding epitopes.  

The abundance of matrix- or tag-binding sequences within the nucleic acid pool can be 

decreased by the implementation of negative selection steps. Incubation of the nucleic acid 

pool with the immobilization matrix or other proteins carrying the same purification tag prior to 

incubation with the immobilized target molecule can aid to deplete the nucleic acid pool of 

matrix- or tag-binding sequences. Negative selections can also be performed against 

structurally related molecules to increase the specificity of selected aptamers 77. Still, negative 

selections exert additional selective pressure on the nucleic acid pool and increase 

stringency 105. This may be beneficial in some cases but can also result in a loss of binding 

sequences. Especially when selecting against a suboptimal target molecule, e.g., with overall 

negative charge, fine tuning of stringency is pivotal. Introduction of negative selections may 

increase selection stringency strongly and thereby hamper enrichment of the already low 

number of potential binders. Furthermore, negative selections may not always be sufficient to 

completely deplete the nucleic acid pool from sequences that bind to other epitopes than the 

target molecule itself. Yet, this phenomenon has been reported mainly for cell-SELEX in which 

a broad variety of potential binding epitopes are presented 81. Nevertheless, the design of 

selection strategies that overcome the common hurdles in aptamer selection should be well 

tailored regarding the used immobilization matrix and the target molecule with consideration 

of the envisaged application.   
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4. Aim of the Work 

In this work, different strategies for the selection of carbapenemase-specific aptamers are 

evaluated. The goal was to select highly affine and specific aptamers targeting different 

carbapenemases. The aptamers were selected with respect to implementation in LFDs for 

rapid, simple, and inexpensive detection of carbapenemase producing CRE. First selections 

against N-terminally His-tagged carbapenemases His-KPC-2 and His-NDM-1 with negative 

selections against other His-tagged carbapenemases did not result in the identification of 

carbapenemase aptamers. Discontinuation of negative selections against related proteins for 

consecutive selection rounds resulted in the identification of highly affine His-tag aptamers. 

Based on this, it became a goal to develop selection strategies that prevent His-tag binding 

while facilitating carbapenemase binding. Three selection strategies were developed, two of 

which utilized the previously selected high-affinity His-tag aptamer. The strategies were tested 

using His-KPC-2 as a model target, since high-affinity aptamers had been selected in the 

meantime 106. The goal was firstly to select for further KPC-2 specific aptamers and secondly 

to transfer the most successful strategy to selection against His-NDM-1. For His-NDM-1, no 

highly affine ssDNA aptamer was found in the scientific literature. Thus, the most successful 

selection strategy was applied to selection against His-NDM-1 with the aim of selecting highly 

affine, specific, and well characterized aptamers for the implementation into an LFD.  
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5. Results 

This work describes the development of selection strategies for the selection of aptamers 

against carbapenemases. Due to their high abundance and clinical relevance, KPC-2 and 

NDM-1 were chosen as first targets for selection. In order to generate aptamers against these 

targets, an ssDNA library was designed (section 5.1). Recombinantly expressed N-terminally 

His-tagged carbapenemases His-NDM-1 and His-KPC-2 were purchased and immobilization 

on magnetic beads was tested to facilitate separation of bound and unbound sequences. To 

ensure functional folding, enzymatic activity was tested before and after immobilization 

(section 5.2). Eleven selection rounds were performed with negative selections against other 

His-tagged carbapenemases but did not result in the identification of aptamers (section 5.3). 

Consecutive selection rounds without negative selections against other carbapenemases 

resulted in the identification of highly affine His-tag-binding aptamers (also referred to as 

His-tag aptamers, section 5.4). Three selection strategies, two of which employed the 

previously selected His-tag aptamers, were developed to prevent His-tag binding (section 5.5) 

and tested using His-KPC-2 as a model target (section 5.6). As His-KPC-2 specific aptamers 

were identified, a sandwich assay-based LFD for the detection of His-KPC-2 was developed 

(section 5.7). The most promising approach to prevent His-tag binding was chosen and applied 

to selection against His-NDM-1 (section 5.8). An NDM-1 specific aptamer with high nanomolar 

to low micromolar affinity was identified. As an approach to increase aptamer affinity, a doped 

library with a partially randomized library, based on the NDM-1 aptamer was performed 

(section 5.9). 

5.1. Design and Testing of the SELEX Library  

The first step was the design of an ssDNA library composed of a continuous, fully randomized 

region flanked by two primer regions. The length of the randomized region was set to 44 nt 

and the length of the primer was set to 18 nt. Here, sufficient structural diversity, but also the 

need for good PCR performance and synthesis costs were considered. For the design of the 

primer regions, random sequences were generated using the Maduro Labs Random DNA 

Sequence Generator software. Resulting sequences were analyzed using IDT Oligo-

Analyzer™ software (see also 8.1.5). The maximum Gibbs free energy change (maximum ΔG) 

of homodimer and hairpin formation of a single sequence and heterodimer formation with the 

other potential primer binding site were compared with the maximum ΔG of the desired primer 

binding reaction. The 5’ forward primer site was designed as GTA TCT GGT GGT CTA TGG 

and exhibited ΔG values of > −1.47 kcal/mol for homodimer formation and > 0.84 kcal/mol for 

hairpin formation while maximum ΔG of the desired primer binding reaction was 

−30.31 kcal/mol. The 3’ reverse primer binding site was designed as GTT CTT CGT CGT CTA 
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TGC and exhibited ΔG values of > −3.61 kcal/mol for homodimer formation and > 1.19 kcal/mol 

for hairpin formation while maximum ΔG of the primer binding its complement was −32.16 

kcal/mol. Hetero dimer formation was calculated at a maximum ΔG of > −1.47 kcal/mol. Hairpin 

formation was not energetically favored, and dimer formation was considerably less favorable 

than the desired primer binding reaction. The resulting forward primer GTA TCT GGT GGT 

CTA TGG, termed F44 and the reverse primer GTT CTT CGT CGT CTA TGC, termed R44 

were synthesized.  

Subsequently, primers were tested for nonspecific amplification either without template or with 

an already established ssDNA library (AGG TAG AGG AGC AAG CCA TC - N(42) - GAT GCG 

TGA TCG AAC CTA CC, termed Library 42) containing different primer binding regions and a 

randomized region of 42 nt (see also 8.3.1). Melting temperatures for the primers were 

calculated by the IDT OligoAnalyzer™ software as 59 °C for F44 and 61.1°C for R44. 

Amplification was tested with annealing temperatures of 56 °C, 61 °C and 66 °C for 10, 20, 30 

and 40 PCR cycles. After ten, twenty and thirty cycles no PCR product was detectable. After 

40 cycles, nonspecific PCR products were detected for reactions with annealing temperatures 

of 56°C and 61°C and 300 ng Library 42 as template DNA. No nonspecific product was 

detected for the primers only reactions (Figure 5). 

 

Figure 5: Test for non-specific DNA amplification with primers F44 and R44.  PCR products after (A) 30 and (B) 40 

PCR cycles with different annealing temperatures (56 °C, 61 °C and 66 °C) are visualized on a 2% agarose gel. 

Primers were used for PCR either without template DNA (-) or with 300 ng of Library 42 (+) to test for non-specific 

amplification. After 30 PCR cycles no PCR products were detected, while after 40 PCR cycles PCR products were 

only detected for non-specific amplification of library 42. L = 50 bp DNA Ladder. 
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Thus, the library was synthesized as 5’- GTA TCT GGT GGT CTA TGG - N(44) - GCA TAG 

ACG ACG AAG AAC - 3’. To control the quality of the newly established library, next generation 

sequencing (NGS) – Illumina Dye Sequencing (see also 8.8) was performed. Bioinformatic 

evaluation of the results using the AptaAnalyzer™-SELEX software showed that the library 

was composed of 99.8% of unique sequences. 92.5% of sequences contained a randomized 

region of 44 nt, 5.2% contained 43 nt, 0.7% contained 42 nt and 0.4% 45 nt. Sequences with 

random regions < 42 nt or > 45 nt summed up to less than 0.3%. As the library was highly 

diverse and mostly correct in length, it was chosen for selection. Amplification was tested with 

annealing temperatures of 55 °C, 60 °C and 65 °C. Amplification of 300 ng template DNA was 

successful for all three annealing temperatures. After 20 PCR cycles, concentrations were 

measured. Amplification with annealing temperatures of 55 °C, 60 °C and 65 °C resulted in 

2.65, 2.17 and 1.6 µg dsDNA per 100 µl PCR reaction. As the highest yield was reached at a 

temperature of 55 °C, the annealing temperature was set to 55 °C. 

5.2. Target Preparation 

KPC-2 and NDM-1 were chosen as first targets for SELEX as their abundance among 

carbapenemases as well as their clinical relevance are high. Hence, rapid detection of these 

carbapenemases is desirable. Both targets as well as a third carbapenemase OXA-23 were 

obtained including an N-terminal hexa-His-tag. To ensure that the recombinantly expressed 

targets were functionally folded, and thus suitable targets for SELEX, enzymatic activity of 

His-NDM-1 and His-KPC-2 was tested using RAPIDEC® CARBA NP test from bioMérieux 

(see also 8.1.1). His-OXA-23 was chosen as a negative selection target and was thus tested 

for activity alongside the two target proteins. 1 µg of all three carbapenemases were used for 

activity assessment. A positive result was visible for all three carbapenemases (Figure 6). For 

the negative selection target His-OXA-23, the color change was much weaker than for 

His-KPC-2 and His-NDM-1, consistent with the low carbapenemase activity of the oxacillinases 

(see also 3.3).  
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Figure 6: Activity assessment of His-KPC-2, His-NDM-1, and His-OXA-23. RAPIDEC® CARBA NP test from 

bioMérieux was used to visualize the pH shift upon impenem hydrolysis caused by carbapenemases His-KPC-2, 

His-NDM-1, and His-OXA-23. For His-KPC-2 and His-NDM-1 a strong color change was detected in the presence 

of impenem while for His-OXA-23 the color change was considerably weaker.  

For SELEX, His-KPC-2, His-NDM-1 and His-OXA-23 were covalently coupled to Dynabeads™ 

M-280 Tosylactivated (see also 8.1.2). Coupling efficiencies varied between the targets as well 

as when coupling was repeated throughout the selection process. An overview of coupling 

efficiencies and the concentration of coupled carbapenemase and unrelated proteins used for 

negative selections per µl beads are shown in the appendix (Appendix Table 1-5). After the 

first immobilization of His-KPC-2 and His-NDM-1, coupling success was also evaluated by 

detection of the His-tags, by ELISA (Figure 7A, see also 8.1.4).  
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Figure 7: Detection and activity assessment of immobilized His-KPC-2 and His-NDM-1.  (A) Detection of 

His-tagged carbapenemases 1 coupled to Dynabeads™ M-280 Tosylactivated by ELISA was performed with a 

HRP-labeled anti-penta-His-antibody. Signals of beads coated with His-KPC-2 and His-NDM-1 exceeded the signal 

derived from the uncoupled beads control. Absorption measurement at 450 nm was performed using Mithras² 

LB 943. (B) Carbapenemase activity of His-KPC-2 and His-NDM-1 coupled to Dynabeads™ M-280 Tosylactivated 

was assessed using RAPIDEC® CARBA NP test from bioMérieux. Weak enzymatic activity of immobilized 

carbapenemases was detectable.  

Background binding of the anti-penta-His antibody was high. Nevertheless, beads carrying 

either 89 pmol His-KPC-2 or 31 pmol His-NDM-1 showed absoprtion values exceeding that of 

the negative control by factors 1.9 and 1.7, respectively. Thus, ELISA providided an indication 

that immobilization of the His-tagged carbapenemases was succesful. To further substantiate 

coupling success and to assess whether functional folding was retained, activity of the coupled 

carbapenemases was tested using RAPIDEC® CARBA NP test from bioMérieux (see also 

8.1.1). As coupling efficiencies had varied, 0.6 µg of immobilized His-NDM-1 and 0.9 µg of 

immobilized His-KPC-2 were added to the test. A color change was detected for both 

immobilized carbapenemases Here, the colour change was considerably weaker than for 

uncoupled His-KPC-2 and His-NDM-1 (Figure 7B). Nevertheless, a positive test result was 

obtained for both carbapenemases accounting for a successful immobilization and allowing 

the assumption that at least a portion of the active centers were still available. Hence, 

carbapenemase-coupled beads were used for selection. 
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5.3. First Selection Rounds against His-KPC-2 and His-NDM-1  

First aptamer selections against His-KPC-2 and His-NDM-1 were carried out with both targets 

immobilized on Dynabeads™ M-280 Tosylactivated. Selections against His-NDM-1 and 

His-KPC-2 failed after SR1.1 and SR2.1, respectively as no PCR product was obtained after 

these rounds. Thus, selection was restarted as SR1.2. From SR1.2 on, the number and 

duration of washing steps as well as the number of negative selections carried out against 

beads only were increased while the amount of ssDNA was decreased. To obtain specific 

binders, from SR5.1 - 11.1 negative selections were performed against the respective other 

target molecule (His-NDM-1 for His-KPC-2 and vice versa). From SR8.1 on, additional 

negative selections against a third carbapenemase – His-OXA-23 – were performed. From 

SR3.1 (His-NDM-1 selection) or SR4.1 (His-KPC-2 selection) on, control selections were 

introduced against beads only (see also 8.2.1, 8.2.2, Table 19 and Table 20). The selection 

progress was monitored by PCR analysis (see also 8.3.2), the diversity assay for nucleic acids 

(DANA, see also 8.7) and finally by FLAA (see also 8.9).  

5.3.1. PCR Analysis 

After each selection step, ssDNA amplification of different fractions was analyzed. An endpoint 

analysis of amplified DNA from the last washing step, the eluted ssDNA that was bound to the 

beads, and the remaining ssDNA on the beads to test whether elution was successful, was 

evaluated by gel electrophoresis. Control selections with uncoupled beads as the target were 

carried out for various rounds of selection (see also Table 1). Here the PCR products of 

fractions derived from uncoupled beads were compared to PCR products from fractions with 

carbapenemase-coupled beads. Sequences eluted from negative selection beads, coupled 

with other His-tagged carbapenemases, were also amplified and loaded onto a gel. However, 

signals derived from negative selections were not directly comparable to signals derived from 

target selection. For negative selections, elution was conducted without additional washing 

steps after target incubation, while for target selections, increasing numbers of washing steps 

were performed. Figure 8 shows two exemplary PCR analyses (for SR5.1 and 11.1) of the last 

washing step, the elution step, and the remaining ssDNA on the beads for each target 

molecule.  
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Figure 8: Gel analysis after SRs 5.1 and 11.1.  (A) Gel analysis is shown for selection against His-KPC-2 after SR5.1 

with 13 PCR cycles and SR11.1 with 10 PCR cycles. (B) Gel analysis is shown for selection against His-NDM-1 after 

SR5.1 with 15 PCR cycles and SR11.1 with 11 PCR cycles. Fractions last washing step (W), urea elution (UE) and 

beads (Be) were compared between target selection (black) and control selection (red) as well as between SRs. 

NTC = no template control, L = 50 bp DNA ladder.  

For both SRs, control selections were conducted and compared to selections against the target 

molecules His-KPC-2 and His-NDM-1. For selection against His-KPC-2, after SR5.1 a highly 

intense signal for the eluted ssDNA as well as a faint signal for the last washing step was 

detected after 13 PCR cycles. No PCR product was obtained for the control selection (Figure 

8A). Here, 20 PCR cycles were necessary to obtain signals for the elution and washing 

fractions (data not shown). Signals for ssDNA remaining on the beads after elution were not 

obtained. After SR11.1, a highly intense signal for the eluted ssDNA was detected after 

10 PCR cycles (Figure 8A). After 13 PCR cycles, a clear signal from ssDNA in the last washing 

step of the target selection as well as faint signals for the washing and elution fraction from the 

control selection were detected (data not shown). Thus, as early as SR5.1, target selection 

resulted in an elution fraction signal after fewer PCR cycles than control selection, indicating 

the presence of target-binding sequences in higher copy number than matrix binders. In 

addition, a reduction in the number of PCR cycles required to obtain an elution fraction signal 

from SR5.1 to SR11.1, from 13 to 10 (see also Table 1), suggests enrichment of target-binding 

sequences in the ssDNA pool. For selection against His-NDM-1, after SR5.1 signals for the 

elution and washing step as well as the washing step of the control selection were detected 

after 15 PCR cycles (Figure 8B). A signal for the elution fraction of the control selection was 

detected after 20 PCR cycles (data not shown). Hence, a signal for the elution fraction derived 
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from the target selection was detected after fewer PCR cycles than that of the elution fraction 

derived from the control selection (see also Table 1). After SR11.1, a clear signal for the elution 

fraction as well as a faint signal for the washing fraction were detected after 11 PCR cycles 

(Figure 8B). For the control selection, a faint signal for the elution fraction and a clear signal 

for the washing fraction were detected after 14 PCR cycles. Signals for remaining ssDNA on 

the beads after elution were not detected (data not shown). For selection against His-NDM-1, 

the same trend was visible as for selection against His-KPC-2. PCR cycles decreased from 

SR5.1 - SR11.1 from 15 to 11 even though washing steps were increased and the initial 

amount of ssDNA was decreased. Furthermore, more PCR cycles were necessary to obtain 

signals from the control selection than from the target selection (see also Table 1), indicating 

enrichment of target-binding sequences. PCR analysis indicated a successful progression of 

selection. Still, selection was hampered by byproduct formation. For both targets, byproduct 

formation of both higher and lower molecular weight was detected frequently after PCR and 

had to be removed by polyacrylamide gel electrophoresis (PAGE) purification (see also 8.4.2). 

An exemplary gel of PCR2a (see also 8.3.3) after SR8.1, selected against His-NDM-1 is shown 

in Appendix Figure 1. Here, a byproduct of approximately 130 bp, displaying an intensity 

comparable to the PCR product at the expected length of 80 bp, is detectable. Another 

byproduct below 50 bp exhibits a lower intensity than the PCR product at the expected length. 
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Table 1: PCR cycles required to obtain a signal from the elution fractions for SR1.1 - SR11.1 for selections against 

His-KPC-2 and His-NDM-1. 

SR 
His-KPC-2 

PCR cycles 
SR 

His-NDM-1 
PCR cycles 

1.1 15 1.1 15 

2.1 np 1.2 11 

1.2 15 2.1 13 

2.2 15 3.1 15 

3.1 14 3.1_Control 18 

4.1 10 4.1 15 

4.1_Control 15 5.1 15 

5.1 13 5.1_Control 20 

5.1_Control 20 6.1 15 

6.1 14 6.1_Control 15 

7.1 11 7.1 16 

7.1_Control 14 6.2 15 

8.1 10 6.2_Control 18 

9.1 9 7.2 10 

9.1_Control 12 7.2_Control 12 

10.1 9 8.1 10 

11.1 10 8.1_Control 13 

11.1_Control 13 9.1 9 

  10.1 10 

  10.1_Control 12 

  11.1 11 

  11.1_Control 18 

*np = no product detected 

5.3.2. Enrichment and Affinity Analysis 

Over the course of selection, enrichment was monitored by DANA (see also 8.7). Band 

intensities of gel electrophoresis obtained from reactions with S1 nuclease were compared to 

signals derived from reactions without S1 nuclease. Double stranded DNA from a highly 

diverse library served as a negative control and dsDNA from a single DNA sequence, e.g., an 

aptamer, served as a positive control. For selection against His-KPC-2, faint signals, 

exceeding that of the negative control, were obtained that slightly increased from 

SR7.1 - SR10.1. All signals derived from reactions with S1 nuclease were substantially lower 

than that derived from reactions without S1 nuclease except for the positive control. For 

selection against His-NDM-1, signals were more intense and clearly exceeded that of the 

negative control. Signal intensity also increased from SR7.1 - 10.1 (Figure 9A). As an 

increasing enrichment was indicated for both targets, one more SR was conducted after which 

affinity was tested by FLAA (see also 8.9). His-KPC-2 and His-NDM-1 were immobilized 

non-directionally and incubated with either the initial library or ssDNA pools of SR11.1 from 

selections against His-KPC-2 or His-NDM-1, respectively. For both immobilized carbapene-

mases the respective ssDNA pool showed slightly higher fluorescence signals than the initial 
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library (Figure 9B). Yet, signal fluctuations were high for the ssDNA pool selected against 

His-KPC-2 when incubated with immobilized His-KPC-2 and for the initial library, when 

incubated with immobilized His-NDM-1. Nevertheless, affinity of the selected pools to the 

targets was indicated.  

 

Figure 9: Enrichment and affinity analysis of DNA pools after SR11.1.  (A) Enrichment was analyzed for selection 

against His-KPC-2 for SRs 7.1 - 10.1 (above) and against His-NDM-1 for SRs 7.2 - 10.1 (below), respectively. Signals 

obtained from reactions incubated with S1 nuclease (+) were compared to signals derived from reactions without 

S1 nuclease (-). Slight enrichment was detected for selection against His-KPC-2 and stronger enrichment that was 

increasing from SR7.2 - 10.1 for selection against His-NDM-1. (B) Affinity was tested after SR11.1 for selections 

against both targets by FLAA. Fluorescence units measured with excitation at 485 nm and emission at 527 nm 

using Mithras² LB 943 are shown. Signals derived from the ssDNA pools exceeded those derived from the initial 

library indicating affinity to the target. Fluorescence values of two target-coated and two negative control wells 

were averaged, and negative control values were subtracted. Error bars represent the square root of the sum of 

the variances of two target-coated wells and two negative control wells. 

5.3.3. Next Generation Sequencing and Aptamer Candidate Analysis 

As slight enrichment and affinity to the respective target molecule were detected for both 

selections, ssDNA pools from multiple selection rounds were sequenced. For selection against 

His-KPC-2, ssDNA pools from SR11.1 as well as 11.1_Control, 10.1 and 9.1 and for selection 

against His-NDM-1, ssDNA pools from SR11.1, 11.1_Control and 10.1 were prepared for NGS 

(see also 8.3.4) and sequenced (see also 8.8). The overall enrichment of the DNA pools was 

analyzed using the AptaAnalyzer™-SELEX software. For ssDNA pools selected against 

His-KPC-2 the percentage of unique sequences varied between 63.3%, 62.6% and 67.2% for 

SR9.1, SR10.1, and SR11.1 and 67.5% for SR11.1_Control. For ssDNA pools selected against 
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His-NDM-1, unique sequences accounted for 71.4% after SR10.1, 65.3% after SR11.1 and 

75.6% after SR11.1_Control. Thus, diversity of the DNA pools decreased. Yet, the enrichment 

of single sequences was low. After SR11.1, the most enriched sequences accounted for 0.66% 

and 1.43% of total sequences for His-NDM-1 and His-KPC-2, respectively. The randomized 

regions of the 50 most enriched sequences were analyzed for repeatedly occurring motifs. The 

threshold for reoccurrence was set to at least three sequences bearing the motif. The threshold 

for nucleotides forming the motif to at least 5, based on the usual length of DNA motifs in 

genomic analysis 107. For both selections, only one motif was identified that occurred in five 

sequences for selection against His-NDM-1 and four sequences for selection against 

His-KPC-2 (Appendix Table 6). Striking homology was not detected. Still, seven sequences 

from selection against His-KPC-2 and nine single sequences from selection against 

His-NDM-1 were synthesized as aptamer candidates (see also Table 14). Sequences were 

selected according to their overall enrichment after SR11.1 and on the condition that the 

percentage of total sequences was higher for SR11.1 than for SR11.1_Control.  

Selected sequences were further tested for binding to their respective target (see also 8.9). 

FLAA was conducted separately with immobilized His-KPC-2 and potential His-KPC-2-binding 

sequences and immobilized His-NDM-1 and potential NDM-1-binding sequences. Binding 

signals of aptamer candidates were compared to binding of the initial library. For His-KPC-2, 

all aptamer candidates, except for KPC2-H11-12 showed slightly higher signals than the initial 

library. However, the range of signals was too high to conclude binding (Figure 10A). No 

binding for any single aptamer candidate was detected for His-NDM-1 (Figure 10B). To further 

analyze binding of the aptamer candidates, His-NDM-1 and His-KPC-2 were immobilized on 

different channels of an SPR sensor chip and all aptamer candidates were injected 

sequentially (see also 8.11). Unrelated, C-terminally His-tagged mouse programmed cell death 

protein 1 (mPD1-His) was immobilized on the reference channels. A third, His-tagged 

carbapenemase – His-OXA-23 – was immobilized on the fourth channel to test for cross 

reactivity with a carbapenemase from another Ambler class. Response units of the reference 

channel were subtracted. No binding of any aptamer candidate was detectable for both targets 

and for control target His-OXA-23. Signals derived from the His-KPC-2 channel are exemplarily 

shown in Figure 10C. Signals derived from the His-NDM-1 and His-OXA-23 channel can be 

found in Appendix Figure 2A - B. Aptamer candidates did not show binding to the reference 

channel as well (Appendix Figure 2C). 
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Figure 10: Characterization of aptamer candidates after SR11.1. (A) Aptamer candidates selected against 

His-KPC-2 were characterized by FLAA. Fluorescence units measured with excitation at 485 nm and emission at 

527 nm using Mithras² LB 943 are shown. (B) Aptamer candidates selected against His-NDM-1 were also 

characterized by FLAA. Fluorescence units measured with excitation at 485 nm and emission at 527 nm using 

EnVision® 2105 are shown. Fluorescence values of two target-coated and two negative control wells were 

averaged, and negative control values were subtracted. Error bars represent the square root of the sum of the 

variances of two target-coated wells and two negative control wells. (C) All aptamer candidates after SR11.1 

were characterized for binding to His-KPC-2 by SPR. Response units over the course of 500 seconds are shown. 

Signals derived from the reference channel were subtracted. Binding was also characterized to His-NDM-1 and 

His-OXA-23 Appendix Figure 2A-B). No binding was detected.  

5.4. Selection Rounds without Negative Selections against 

Carbapenemases 

From SR5.1 on, negative selections had been conducted against other His-tagged 

carbapenemases. Negative selections against related molecules can exhibit strong selective 

pressure on the ssDNA pool and may result in suppression of target-binding sequences. 

Hence, selection was continued for three consecutive SR (SR12.1 - 14.1) with negative 
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selections only against the selection matrix – Dynabeads™ M-280 Tosylactivated (see also 

8.2.2, Table 19 and Table 20).  

5.4.1. PCR Analysis 

Selection progress was monitored by analytical PCR1 (see also 8.3.2). For selection against 

both targets, selection pressure was kept constant throughout SR12.1 - 14.1 with equal 

washing steps, negative selections as well as equal ssDNA and target amounts. Still, PCR 

cycles required to detect a signal on an agarose gel for the elution fraction derived from target 

selection decreased. For both selections, elution fraction from the control selections all 

required more PCR cycles than those of the target selections (Table 2). Thus, comparison of 

PCR signals indicated enrichment of target-binding sequences rather than matrix binders. The 

number of PCR cycles required to detect a signal derived from the washing fractions varied 

between 10 and 20 PCR cycles (data not shown). Here, no trend was observed.  

Table 2: PCR cycles required to obtain a signal from the elution fractions for SR12.1 - SR14.1 for selections against 

His-KPC-2 and His-NDM-1. 

SR 
His-KPC-2 

PCR cycles 
SR 

His-NDM-1 
PCR cycles 

12.1 12 12.1 15 

12.1_Control 19 12.1_Control 20 

13.1 10 13.1 15 

14.1 10 13.2 14 

14.1_Control 16 13.2_Control  16 

  14.1 10 

  14.1_Control 18 

 

5.4.2. Enrichment and Affinity Analysis 

After two consecutive rounds of selection, DANA was performed to monitor enrichment of the 

DNA pools (see also 8.7). Double-stranded DNA from SR11.1, 12.1 and 13.1 derived from 

selection against His-KPC-2 and from SR10.1, 11.1, 12.1 and 13.2 derived from selection 

against His-NDM-1 was used for DANA. For selection against His-KPC-2, after gel 

electrophoresis, signals with high intensity derived from reactions with S1 nuclease were 

already detected for SR11.1 (selected with negative selections against other His-tagged 

carbapenemases) and 12.1. Even more intense signals were obtained from dsDNA from 

SR13.1. For selection against His-NDM-1, signals derived from reactions with S1 nuclease 

showed lower intensity than for selection against His-KPC-2. Nevertheless, a slight signal was 

obtained for dsDNA from SR11.1 (selected with negative selections against other His-tagged 
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carbapenemases) and signals for dsDNA after SR12.1 and 13.2 were of increasing intensity 

(Figure 11A). One more SR was performed, and target affinity was tested by FLAA (see 

also 8.9). This time, the overall signal intensity was considerably higher than for ssDNA from 

SR11.1 for both targets (see also Figure 9B). Here, fluorescence signals derived from ssDNA 

pools after SR14.1 exceeded those derived from the negative control by factors 26.3 for 

selection against His-KPC-2 and 155.9 for His-NDM-1 (Figure 11B). Thus, high affinity 

towards the respective target molecules was observed.  

 

Figure 11: Enrichment and affinity analysis of DNA pools after SR14.1. (A) Enrichment was analyzed for selection 

against His-KPC-2 for SRs 11.1 - 13.1 (above) and against His-NDM-1 for SRs 10.1 - 13.2 (below), respectively. 

Signals obtained from reactions incubated with S1 nuclease (+) were compared to signals derived from reactions 

without S1 nuclease (-). Strong enrichment was detected for selection against His-KPC-2 after SR13.1 and slight 

enrichment for selection against His-NDM-1 after SR13.2. (B) Affinity was tested after SR14.1 for selections 

against both targets by FLAA. Fluorescence units measured with excitation at 485 nm and emission at 527 nm 

using Mithras² LB 943 are shown. Signals derived from the ssDNA pools exceeded those derived from the initial 

library considerably more than after SR11.1. Fluorescence values of two target-coated and two negative control 

wells were averaged, and negative control values were subtracted. Error bars represent the square root of the 

sum of the variances of two target-coated wells and two negative control wells. 

5.4.3. Next Generation Sequencing and Characterization of Aptamer Candidates 

As enrichment and affinity were detected, ssDNA pools from SR13.1, 14.1 and 14.1_Control 

(His-KPC-2) and SR13.2, 14.1 and 14.1_Control (His-NDM-1) were sequenced (see also 8.8). 

The percentage of unique sequences fluctuated strongly for His-KPC-2 with 31.5% for SR13.1, 

58.0% for SR14.1 and 43.5% for SR14.1_Control. For His-NDM-1, the percentage of unique 

sequences was still rather high for target selections with 75.3% for SR13.2, 64.8% for SR14.1 
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and strongly decreased for control selection with 38.8% for SR14.1_Control. Yet, the most 

enriched sequences for both targets now accounted for 6.8% (SR14.1, His-KPC-2) and 4.7% 

(SR14.1, His-NDM-1) as expected for a successful aptamer selection. The randomized regions 

of the 50 most enriched sequences were analyzed for repeatedly occurring motifs (> 5nt) that 

were identifiable in more than three sequences. For selection against His-KPC-2, six 

repeatedly occurring motifs and for selection against His-NDM-1 four repeatedly occurring 

motifs were identified (Appendix Table 6). Sequences bearing the identified motifs were 

grouped as a sequence family. 20 sequences (see also Table 14), including members of the 

sequence families were synthesized on the condition that the percentage of total sequences 

was higher for SR14.1 than for SR14.1_Control. During the evaluation of the 50 most enriched 

sequences for selections against His-KPC-2 and His-NDM-1, it was noticed that most 

sequences also appeared in the NGS data from selection against the respective other target. 

Of 20 synthesized sequences, six were unique for selection against His-KPC-2 within the 

50 most enriched sequences and three were unique for selection against His-NDM-1. Hence, 

more than half of the selected sequences were among the 50 most enriched sequences for 

both His-KPC-2 and His-NDM-1 selections. The most enriched sequence only differed by one 

nucleotide between the two selections and was synthesized as selected against His-KPC-2. 

As many sequences derived from selections against both targets aptamer candidates were 

named as follows:  

1. The target for which the sequence was ranked higher (i.e., occurred more often)  

2. H14 indicating urea elution and the SR 

3. Rank of the sequence in the selection against the target for which the sequence was 

ranked higher 

4. Rank of the sequence for the target for which the sequences was ranked lower in 

brackets 

NDM1-H14-02(04) is an example for a sequence that was derived from urea elution and SR14, 

that was ranked second when selected against His-NDM-1 and fourth when selected against 

His-KPC-2. The most enriched sequence was named KPC2-H14-01(01) but also referred to 

as NDM1-H14-01 elsewhere 108. Aptamer candidates were tested for their affinity to their 

respective target using FLAA (Figure 12), see also 8.9). For His-KPC-2, two aptamer 

candidates showed strikingly high signals, namely KPC2-H14-01(01) (80 nt) and KPC2-

H14-08 (121 nt). For His-NDM-1, KPC2-H14-01(01) exhibited by far the highest signal.  
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Figure 12: Characterization of aptamer candidates after SR14.1 by FLAA. FLAA was performed on aptamer 

candidates selected against (A) His-KPC-2 and (B) His-NDM-1. Fluorescence units measured with excitation at 

485 nm and emission at 527 nm using Mithras² LB 943 are shown. High signals were obtained for aptamer 

candidates KPC2-H14-01(01) derived from selections against both targets and KPC2-H14-08 derived from 

selection against His-KPC-2. Fluorescence values of two target-coated and two negative control wells were 

averaged, and negative control values were subtracted. Error bars represent the square root of the sum of the 

variances of two target-coated wells and two negative control wells. 

As high fluorescence signals were obtained by FLAA, truncated versions of these aptamers 

were synthesized to address whether those retained binding. KPC2-H14-01(01) (80 nt) was 

shortened by either the forward (KPC2-H14-01(01)-F, 62 nt) or reverse (KPC2-H14-01(01)-R, 

62 nt) primer binding region or both (KPC2-H14-01(01)-FR, 44 nt). KPC2-H14-08 (121 nt) was 

only shortened by both primer binding regions (KPC2-H14-08-FR, 85 nt) because of its length. 

Longer aptamer sequences are more expensive and difficult to synthesize, and thus full 

truncation was necessary to obtain a reasonable aptamer length. For a more in-depth analysis 

of binding and cross reactivity, SPR analysis was conducted with the full-length as well as the 

truncated aptamers (see also 8.11). As for SR11.1, unrelated His-tagged protein mPD1-His 

was immobilized on the reference channel. The target proteins His-KPC-2 and His-NDM-1 

were immobilized on channels two and three while a third, His-tagged carbapenemase – 

His-OXA-23 – was immobilized on the fourth channel. Response units of the reference channel 

were subtracted. Contrary to expectations, binding signals were strongest for the reference 

channel, resulting in negative response units (RU) for all three carbapenemases, when the 

reference signal was subtracted (see Appendix Figure 3). Thus, data was reevaluated without 

subtraction of the reference channel, showing strong binding signals for all aptamer candidates 

and all proteins on the flow channels. For all three His-tagged carbapenemases, binding 

signals were strongest for KPC2-H14-01(01)-R, followed by KPC2-H14-08. Only for 

mPD1-His, RU were higher for KPC2-H14-08 than for KPC2-H14-01(01)-R. For all four 
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His-tagged proteins, KPC2-H14-08-FR showed the lowest RU (Figure 13). As all four proteins 

contained a His-tag and binding was detected to all of them, His-tag binding was suspected.  

  

 

Figure 13: SPR analysis of His-KPC-2-binding aptamers. His-tagged carbapenemases (A) His-KPC-2, (B) His-NDM-1, 

(C) His-OXA-23 and (D) unrelated, His-tagged protein mPD1-His were immobilized on a SPR sensor chip with 

mPD1-His on the reference channel. Aptamers KPC2-H14-01(01), KPC2-H14-01(01)-R, KPC2-H14-01(01)-F and 

KPC2-H14-01(01)-FR as well as KPC2-H14-08 and KPC2-H14-08-FR were injected and screened for binding to the 

immobilized proteins. Response units over the course of 500 s are shown. Here, signals derived from the 

reference channel were not subtracted. Binding to all four proteins was detected, indicating His-tag binding. 

5.4.4. Validation and Kinetic Characterization of Potential His-tag-binding 

Aptamers 

As SPR experiments showed binding to four His-tagged proteins His-tag binding was 

suspected. Thus, His-tag binding was further tested by FLAA (see also 8.9). Immobilized, 

His-tagged carbapenemases His-KPC2 and His-NDM1 as well as another unrelated, 

C-terminally His-tagged protein human complement factor H-related 1 (CFHR1-His) and 

non-His-tagged phosphoprotein membrane anchor with glycosphingolipid microdomains 

(PAG) were incubated with KPC2-H14-01(01) and truncations thereof. KPC2-H14-08 was 
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excluded from further analysis due to its length and the fact that the truncated version had 

shown the RU in SPR. For KPC2-H14-01(01) and its derivates, high fluorescence signals were 

detected for all His-tagged proteins compared to the initial library but not for non-His-tagged 

protein PAG (Figure 14A). These findings further substantiated the suspected His-tag binding.  

A final proof of His-tag binding was provided for KPC2-H14-01(01) by MST (Figure 14B, see 

also 8.10). 5‘-Cyanine 5 (Cy5) labelled full-length aptamer KPC2-H14-01(01) and unrelated 

control aptamer Con1 were incubated with increasing concentrations of a synthetic hexa-His 

peptide. For KPC2-H14-01, a binding curve was obtained with a dissociation constant (KD) of 

2.81 ± 0.39 * 10-8 M (see also Table 3 at the end of this section). Unrelated control aptamer 

Con1 did not show binding to the hexa-His peptide. Thus, sequence dependent His-tag binding 

could be confirmed. 

  

Figure 14: Cross reactivity assessment of KPC2-H14-01(01) and truncations thereof.  (A) Cross reactivity of 

KPC2-H14-01(01) and truncations thereof was tested to three different His-tagged proteins (His-KPC-2, 

His-NDM-1 and CFHR1-His) and one non-His-tagged protein (PAG) by FLAA. Binding was detected to all three 

His-tagged proteins by all truncated versions of KPC2-H14-01(01) but not the initial library. None of the aptamers 

tested showed binding to non-His-tagged protein PAG. Fluorescence values of two target-coated and two 

negative control wells were averaged, and negative control values were subtracted. Error bars represent the 

square root of the sum of the variances of two target-coated wells and two negative control wells. (B) In MST, 

5’-Cy5 labeled KPC2-H14-01(01) showed binding to a synthetic hexa-His peptide, while unrelated control apta-

mer Cy5-Con1 did not. Thus, His-tag binding was confirmed. Error bars reflect the standard deviation from three 

different, independent experiments. 

Full-length aptamer KPC2-H14-01(01) and truncations -R and -FR were chosen for further 

kinetic characterization by SPR (see also 8.11). Aptamers were synthesized 5’-biotin-

triethlyenglyokol modified (referred to as 5‘-biotinylated or bio-) and immobilized on an SPR 

sensor chip. Varying concentrations of proteins His-NDM-1, mPD1-His and CFHR1-His were 
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injected and KD-values were in the range of 2.86 * 10-11 (Bio-KPC2-H14-01(01)-FR binding to 

CFHR1-His) - 1.06 * 10-8 (Bio-KPC2-H14-01(01)-R binding to His-NDM-1), indicating strong 

binding to the His-tags of different proteins. Exemplary binding curves for all three aptamers 

binding to mPD1-His are shown in Figure 15. Comprehensive kinetic data can be found in 

Table 3.  

 

    

Figure 15: Kinetic characterization of potential His-tag-binding aptamers by SPR. 5’-biotinylated aptamers 

(A) KPC2-H14-01(01), (B) KPC2-H14-01(01)-R, (C) KPC2-H14-01(01)-FR were immobilized on a SPR sensor chip as 

ligands and injected with increasing amounts of different His-tagged proteins as analytes. The reference channel 

was blocked with biotin. Response units over the course of 500 s are shown for mPD1-His concentrations ranging 

from 0.24 - 15.6 nM. Signals derived from the reference channel were subtracted. Kinetic parameters for binding 

to mPD1-His, CFHR1-His and His-NDM-1 are listed in Table 3. Binding curves for binding to mPD1-His are 

exemplarily shown.  
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Table 3: Kinetic data and KD-values of His-tag binding. Kinetic data of His-tag aptamers were assessed by SPR. 

KD-values of full-length aptamer KPC-2-H14-01(01) and unrelated control aptamer Con1 were assessed by MST. 

Kinetic values: ka = association constant, kd = dissociation constant. 

Method: SPR 

Ligand Analyte ka (1/Ms) kd (1/s) KD (M) 
Chi² 

(RU²) 

Bio-KPC2-H14-01(01) 

His-NDM-1 1.30*106 5.62*10-3 4.34*10-9 6.47 

mPD1-His 1.40*106 1.38*10-4 9.86*10-11 0.20 

CFHR1-His 2.79*106 1.25*10-4 4.49*10-11 6.97 

Bio-KPC2-H14-01(01)-R 

His-NDM-1 6.26*105 6.65*10-3 1.06*10-8 4.82 

mPD1-His 1.10*106 1.86*10-4 1.70*10-10 0.07 

CFHR1-His 1.79*106 2.50*10-4 1.40*10-10 14.7 

Bio-KPC2-H14-01(01)-FR 

His-NDM-1 1.20*106 7.11*10-3 5.91*10-9 9.68 

mPD1-His 1.02*106 1.28*10-4 1.25*10-10 0.20 

CFHR1-His 4.28*106 1.22*10-4 2.86*10-11 9.22 

Method: MST 

Ligand Analyte KD (M) KD confidence (M) 

Cy5-KPC2-H14-01(01) 
Hexa-His peptide 

2.81*10-8 3.90*10-9 

Cy5-Con1 -  

 

5.4.5. Characterization of Aptamer Candidates with Lower Signal Intensity in 

FLAA 

Both aptamers that showed the highest signals in FLAA and SPR were identified as His-tag 

binders. Thus, aptamer candidates, for which weaker binding signals were detected in FLAA, 

were chosen for further characterization. As all aptamer candidates had shown binding signals 

when incubated with His-KPC-2, FLAA (see also 8.9) was repeated with His-KPC-2 for binding 

verification and with mPD1-His as an unrelated His-tag control protein. Here, for all aptamer 

candidates, fluorescence signals exceeded that of the initial library for incubation with 

His-KPC-2. For aptamer candidates NDM1-H14-02(04) (80 nt), KPC2-H14-15(18) (81 nt), 

KPC2-H14-18(25) (79 nt), and KPC2-H14-09(39) (84 nt) fluorescence signals exceeded that 

of the initial library for incubation with mPD1-His as well. Moreover, binding signals were higher 

for mPD1-His than for His-KPC-2. Hence, it is likely that these aptamer candidates were 

His-tag binders as well. Thus, no further characterization was conducted. Yet, KPC2-H14-05 

(77 nt) and KPC2-H14-07 (80 nt) showed binding signals exceeding those of the initial library 

only for His-KPC-2 but not for mPD1-His (Figure 16A). Both aptamer candidates shared a 
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sequence motif (see also Appendix Table 6) – GGC GGG GGG-6-20(N)-GGG GGG ATG G – 

and KPC2-H14-05 had shown a slightly higher fluorescence signal in FLAA (Figure 16A). 

Thus, only KPC-2-H14-05 was chosen for further characterization by SPR.  

5‘-biotinylated KPC2-H14-05 was synthesized and immobilized on an SPR sensor chip. Two 

different concentrations of His-KPC-2 (100 nM and 500 nM) were injected (see also 8.11). 

Upon injection of both concentrations a rather low, almost linear increase in RU was detected 

(Figure 16B). Here, binding may be indicated, yet the signal was not shaped as a regular 

binding curve. Thus, binding was not undoubtedly confirmed. Furthermore, upon injection of 

500 nM His-KPC-2, a strong increase in signal was detected which is very likely to not be 

derived from binding to the aptamer but rather from incompatibility of the target buffer. 

His-KPC-2 was purchased dissolved in 100 mM NaH2PO4, 0.3 M NaCl and 4 M urea. The 

aptamer binding buffer in which His-KPC-2 was dissolved did not contain these agents. Thus, 

the steep increase in signal prior to binding may be attributed to these agents. High 

concentrations in a kinetic analysis resulted in higher signal increases but not in binding curves 

(data not shown). Thus, kinetic evaluation was not possible, which may be inter alia attributed 

to buffer incompatibility. Unfortunately, a buffer exchange failed as His-KPC-2 precipitated 

upon dialysis against aptamer binding buffer. Thus, kinetic measurements were not assessed. 

To still substantiate His-KPC-2 specific binding of KPC2-H14-05, a micro titer plate 

(MTP)-based sandwich assay was designed with 5‘-biotinylated KPC2-H14-05 immobilized on 

a streptavidin-coated micro titer plate (SA-MTP) as a capture molecule and a HRP-labelled 

anti-penta-His antibody as the detection molecule (see also 8.12.1). The signal derived from 

wells coated with 5’-biotinylated KPC2-H14-05 exceeded that of the wells without 

aptamer-coating by a factor of 5.6 (Figure 16C). Hence, detection of 80 pmol His-KPC-2 was 

facilitated. 
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Figure 16: Characterization of further aptamer candidates after SR14.1. (A) Aptamer candidates that had shown 

lower fluorescence signals in FLAA than KPC2-H14-01(01) and KPC2-H14-08 were tested for cross reactivity with 

mPD1-His by FLAA. Fluorescence units measured with excitation at 485 nm and emission at 527 nm using 

EnVision® 2105 are shown. Only KPC2-H14-05 and KPC2-H14-07 showed higher signals for His-KPC-2 than for 

mPD1-His. Fluorescence values of two target-coated and two negative control wells were averaged, and negative 

control values were subtracted. Error bars represent the square root of the sum of the variances of two 

target-coated wells and two negative control wells. (B) 5’-biotinylated KPC2-H14-05, immobilized on an SPR 

sensor chip, was evaluated by SPR with single injections of 100 and 500 nM His-KPC-2. Response units over the 

course of 800 s are shown. Binding was not confirmed. (C) Immobilization of 5’-biotinylated KPC2-H14-05 on a 

SA-MTP facilitated capture of 80 pmol His-KPC-2 and detection by a HRP-labelled anti-penta-His antibody. 

Absorption values measured at 450 nm using EnVision® 2105 are shown. Absorption values of three aptamer-

coated and three negative control wells were averaged, and negative control values were subtracted. Error bars 

represent the square root of the sum of the variances of three target-coated wells and three negative control 

wells.  

So far, selection against N-terminally His-tagged carbapenemases His-NDM-1 and His-KPC-2 

with negative selections against the respective other target as well as another His-tagged 

carbapenemase did not result in the selection of target-binding aptamers. Three consecutive 

selection rounds with negative selections only against the immobilization matrix resulted in 
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strong enrichment of two highly affine His-tag-binding sequences. Six further aptamer 

candidates were identified that showed low binding signals either for His-NDM-1 and 

His-KPC-2 or His-KPC-2 only. Four out of the six aptamer candidates also showed binding to 

mPD1-His, which indicates His-tag binding as well. Two aptamers exclusively bound to 

His-KPC-2 in FLAA. One aptamer was chosen for further characterization. Here, binding to 

His-KPC-2 could not be validated by SPR but by an MTP-based sandwich assay. However, 

signal intensities in FLAA and the MTP-based sandwich assay were low and no binders 

exclusively binding to His-NDM-1 were found. Thus, to facilitate target binding while preventing 

the selection of His-tag binders, three different selection strategies were designed. His-KPC-2 

was chosen as a model target, as KPC-2 aptamers had been published in the meantime, 

proving a successful selection 106. The most successful strategy was later to be applied to 

His-NDM-1, as no successful DNA aptamer development against NDM-1 was found in the 

scientific literature.  

5.5. Design of strategies to prevent and reverse His-tag binding 

Three strategies for restarting the selection against His-KPC-2 were developed. As NGS data 

showed that His-tag-binding sequences were strongly enriched after SRs 13.1 and 14.1 but 

not after SR11.1, it was decided to use the ssDNA pools from SR11.1 and conduct consecutive 

SRs with three different strategies. For all strategies, negative selections against uncoupled 

Dynabeads™ M-280 Tosylactivated, as well as with unrelated His-tagged protein mPD1-His 

were conducted. Negative selections against unrelated proteins were used to reduce His-tag 

binding while still allowing target binding.  

The first two approaches were designed to make use of an already existing His-tag aptamer. 

The first approach was designed to mask the targets His-tag by preincubation with a 10-fold 

excess of the His-tag aptamer. The second approach was designed to use a 10-fold excess of 

the His-tag aptamer for competitive elution of sequences bound to the His-tag after target 

incubation. The third approach was to reduce His-tag accessibility through immobilization of 

the target via its N-terminal His-tag. A prerequisite for the first two strategies – epitope masking 

and competitive elution – is high affinity of the masking / elution aptamer. KPC2-H14-01(01) 

and its derivates had shown strong binding to various His-tagged proteins (see also Table 3). 

Thus, one of the derivates was supposed to be used for selection. Here, using an aptamer with 

the same primer binding sites as the ssDNA pools used for selection bears the risk of strong 

amplification of the masking / elution aptamer and suppression of other target binding 

sequences. Hence, the fully truncated version, lacking both primer binding sites 

(KPC2-H14-01(01)-FR) was chosen as the masking and competitive elution aptamer because 

the aptamer is not amplified throughout the PCRs after each selection round (see also 8.3.2 
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and 8.3.3). For the third approach, immobilization of His-KPC-2 was conducted on 

Co2+-Nitrilotriacetic acid (NTA)-coated magnetic beads (Dynabeads™ His-Tag Isolation and 

Pulldown). To facilitate discrimination between the different strategies, selection rounds were 

termed SRxy_Mask, SRxy_Comp and SRxy_Co2+-NTA, with xy representing the number of 

the selection round described.  

5.6. Selection against His-KPC-2 with Different Strategies to Prevent 

His-tag binding 

5.6.1. PCR Analysis 

All three new strategies were started with ssDNA from SR11.1. The number of selection rounds 

that were supposed to be performed was set to three to facilitate comparison to SR13.1 and 

SR14.1. After the first round of selection, no signal was obtained for the elution fraction of the 

masking approach when performing analytical PCR (see also 8.3.2). Both other strategies 

resulted in sufficient PCR products. Hence, strategies competitive elution and immobilization 

of His-KPC-2 on Dynabeads™ His-Tag Isolation and Pulldown were continued while the 

masking approach was restarted with ssDNA from SR10.1. For the two strategies, competitive 

elution, and immobilization on Dynabeads™ His-Tag Isolation and Pulldown, stringency of 

selection was kept constant throughout the three selection rounds. PCR cycles required to 

obtain a signal for the elution fraction can be found in Table 4. For the competitive elution 

approach a control selection, SR14.2_Comp_Control was conducted. Here, PCR cycles 

required to obtain a signal derived from the elution fraction were higher than for the target 

selection. For the masking approach, PCR cycles required to obtain a signal derived from the 

elution fraction were constant from SR11.2_Mask - 13.3_Mask (see also Table 4). Here, 

stringency was increased in SR13.3_Mask with higher amounts of mPD1-His for the negative 

selection. Furthermore, a control selection was performed as SR13.3_Mask_Control. Here, 15 

PCR cycles were required to obtain a signal derived from the elution fraction. As both control 

selections required more PCR cycles and for the target selections PCR cycles either 

decreased or remained constant even though stringency was increased, PCR analysis 

indicated enrichment of target-binding sequences. Thus, ssDNA pools from SRs 14.2_Comp, 

H14.2_Co2+-NTA and 13.3_Mask as well as 13.3_Mask_Control were sequenced using NGS 

(see also 8.8). Unique sequences accounted for 57.6%, 52.6%, and 50.0% for SRs 

14.2_Comp, H14.2_Co2+-NTA and 13.3_Mask as well as 32.5% for 13.3_Mask_Control. 

Enrichment of the target selection was comparable to or higher than for SR14.1.  
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Table 4: PCR cycles required to obtain a signal from the elution fractions for selections against His-KPC-2 

employing different strategies to avoid His-tag binding. 

SR 
PCR 

cycles 
SR 

PCR 
cycles 

SR 
PCR 

cycles 

12.2_Mask 20 12.2_Comp 15 12.2_Co2+-NTA 15 

13.2_Mask np 13.2_Comp 11 13.2_ Co2+-NTA 11 

11.2_Mask 10 14.2_Comp 10 14.2_ Co2+-NTA 10 

12.3_Mask 10 14.2_Comp_Control 15   

13.3_Mask 10     
13.3_Mask_Control 15     

     *np = no product 

5.6.2. Analysis of Enrichment of His-tag-binding Sequences 

Analysis of the pools was inter alia aimed at the detection of enrichment of His-tag-binding 

sequences. Thus, a motif, likely involved in His-tag binding was searched. Another selection 

that was conducted simultaneously had resulted in the identification of an aptamer with high 

affinity to the C-terminal His-tag of the target protein. Interestingly, even though a different 

library was used for selection, sequences within the randomized regions of both His-tag 

aptamers were partially similar. 26 nt out of the 44 or 42 nt of the randomized regions were 

homologous. As both aptamers showed strong affinity to His-tags, the overlapping motif – 

GGG GGA CTG CTC GGG ATT GCG GA – may likely be involved in His-tag binding. In fact, 

for selection against His-KPC-2, the motif was present among the 100 most enriched 

sequences after SRs 13.1 and 14.1 but not after SRs 10.1 and 11.1. Therefore, NGS data from 

selections against His-KPC-2 exploiting the three strategies to prevent and reverse His-tag 

binding was scanned for this motif. The 100 most enriched sequences after SRs 14.2_Comp, 

14.2_Co2+-NTA and 13.3_Mask were analyzed and the percentage of sequences including this 

motif were calculated as follows: 

 𝑆𝑢𝑚 𝑜𝑓 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒 𝑐𝑜𝑢𝑛𝑡𝑠 𝑡ℎ𝑎𝑡 𝑖𝑛𝑐𝑙𝑢𝑑𝑒 𝑡ℎ𝑒 𝑚𝑜𝑡𝑖𝑣𝑒#

𝑆𝑢𝑚 𝑜𝑓 𝑎𝑙𝑙 𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒 𝑐𝑜𝑢𝑛𝑡𝑠#
∗ 100  (1) 

# among the 100 most enriched sequences 

For the 100 most enriched sequences after SR14.2_Comp, sequence counts which include 

the motif accounted for 21.6%, after SR14.2_Co2+-NTA for 2.7% and after SR13.3_Mask for 

0.7%. For comparison, after SRs 13.1 and 14.1 conducted without strategies to avoid His-tag 

binding, sequences including the motif accounted for 47.3% and 24% respectively. Hence, 

strong improvement was detected for two strategies – the masking approach and 

immobilization of His-KPC-2 on Dynabeads™ His-Tag Isolation and Pulldown, with the 

masking approach resulting in even lower enrichment of His-tag-binding motif.  
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5.6.3. Characterization of Aptamer Candidates Selected by the Masking Approach 

Consequently, sequences derived from the masking approach were analyzed and compared 

to the other strategies and the control selection. Here, sequences including the identified 

His-tag-binding motif as well as identified non-binders from SRs 11.1 and 14.1 were excluded. 

Sequence analysis was extended to the 300 most enriched sequences for a more in-depth 

analysis of the NGS data. Most enriched sequences from the masking approach were also 

present in the NGS data from the other two strategies. Among randomized regions of the 300 

most enriched sequences, eleven sequence motifs were found (Appendix Table 6). 

Sequences were grouped according to the motifs as sequence families. 19 aptamer 

candidates (see also Table 14), including members of the sequence families and the most 

enriched sequences, were synthesized on the condition that the percentage of total sequences 

exceeded that of the control selection. Furthermore, sequences including the His-tag-binding 

motif as well as non-binders from other selections or selection rounds were excluded. Aptamer 

candidates were screened for binding to His-KPC-2 and mPD1-His by FLAA (see also 8.9). In 

contrast to SR14.1, fluorescence signals were rather low. Nevertheless, some aptamer 

candidates showed fluorescence signals that were higher for His-KPC-2 than for mPD1-His 

and exceeded the fluorescence signal of the initial library (Figure 17A-B). Lower fluorescence 

signals with high standard deviations for mPD1-His may be derived from unspecific adsorption 

of the aptamers to the protein while higher fluorescence values with lower standard deviations 

for His-KPC-2 may indicated specific binding. Yet, further analysis is necessary to exclude 

His-tag binding. Firstly, for promising aptamer candidates, FLAA was repeated. Aptamer 

candidates repeatedly showing signals that were higher than the signals derived from the initial 

library and higher for His-KPC-2 than for mPD1-His were KPC2-H13.3_Mask-41 (80 nt), 

KPC2-H13.3_Mask-65 (84 nt), KPC2-H13.3_Mask-126 (80 nt), KPC2-H13.3_Mask-151 

(83 nt), KPC2-H13.3_Mask-163 (85 nt), and KPC2-H13.3_Mask-294 (86 nt), with KPC2-

H14_13.3_Mask-65 showing strong signal fluctuations (Figure 17C).  
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Figure 17: Characterization of aptamer candidates after SR13.3_Mask. (A-B) Aptamer candidates, selected 

against His-KPC-2 were tested for binding to His-KPC-2 and mPD1-His by FLAA. Fluorescence units measured with 

excitation at 485 nm and emission at 527 nm using EnVision® 2105 are shown. Aptamer candidates that showed 

higher fluorescence signals for His-KPC-2 than for mPD1-His as well as higher signals than the initial library are 

indicated with a red arrow. Fluorescence values of two target-coated and two negative control wells were 

averaged, and negative control values were subtracted. Error bars represent the square root of the sum of the 

variances of two target coated wells and two negative control wells. (C) For those promising aptamer candidates, 

FLAA was repeated and binding to His-KPC-2 was confirmed. Fluorescence values of three target-coated and 

three negative control wells were averaged, and negative control values were subtracted. Error bars represent 

the square root of the sum of the variances of three target-coated wells and three negative control wells. 

Two aptamer candidates, KPC2-H13.3_Mask-41, the most enriched among His-KPC-2-

binding sequences and KPC2-H13.3_Mask-126, with the highest fluorescence signal for 

His-KPC-2, were chosen for further characterization by SPR (see also 8.11). Both aptamers 

were rich in pyrimidines. The randomized regions were composed of 84% and 82% pyrimidines 

for KPC2-H13.3_Mask-41 and KPC2-H13.3_Mask-126, respectively. Both aptamers were 

immobilized on a SPR sensor chip. Two different concentrations of His-KPC-2 (100 nM and 

500 nM) were injected (Figure 18A). Upon injection of 100 nM His-KPC-2 an almost linear 
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increase in RU was detectable. Here, binding may be indicated, yet it did not appear as an 

expected binding curve. However, upon injection of 500 nM a binding signal was shaped as 

expected. To test cross reactivity, 500 nM His-NDM-1 and mPD1-His were injected 

consecutively. Upon injection of His-NDM-1, a binding signal was obtained that was 

considerably lower than upon injection of His-KPC-2 (Figure 18B). Injection of mPD1-His did 

not result in a binding signal at all (Figure 18C). As discussed in section 5.4.5, kinetic analysis 

with the aptamers immobilized as ligands and increasing concentrations of His-KPC-2 as 

analytes resulted in very high signal jumps for high concentrations of His-KPC-2, likely due to 

buffer incompatibility. Furthermore, even though higher concentrations of His-KPC-2 were 

injected, no binding curves were obtained. This may be caused by precipitation of the target 

molecule when dissolved in aptamer binding buffer in high concentrations. A buffer exchange 

failed due to precipitation of His-KPC-2. Thus, evaluation of kinetic SPR measurements was 

not possible. To further analyze binding, a sandwich assay was conducted with 5’-biotinylated 

aptamers KPC2-H13.3_Mask-41 and KPC2-H13.3_Mask-126 immobilized on a SA-MTP used 

as capture molecules and a HRP-labelled anti-His antibody as the detection molecule (see 

also 8.12.1). Signals derived from wells in which 5’-biotinylated aptamers KPC2-

H13.3_Mask-41 and KPC2-H13.3 _Mask-126 were used as capture molecules exceeded that 

of the no aptamer control by factors 3.4 and 3.9 (Figure 18D). Hence, detection of 80 pmol 

His-KPC-2 was facilitated. 
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Figure 18: Analysis of KPC2-H13.3_Mask-41 and _Mask-126 by SPR and by an SA-MTP-based aptamer-antibody 

sandwich assay. (A-C) 5’-biotinylated aptamers KPC2-H13.3_Mask-41 and KPC2-H13.3_Mask-126 were 

immobilized on a SPR sensor chip. Response units over the course of 800 s are shown. (A) A single injection of 

500 nM His-KPC-2 resulted in a binding curve while single injections of 500 nM (B) His-NDM-1 and (C) mPD1-His 

did not show binding. (D) Immobilization of 5’-biotinylated aptamers on a SA-MTP, incubation with 80 pmol 

His-KPC-2 and detection by a HRP-labeled anti-penta-His antibody resulted in absorption signals that exceeded 

that of the no-aptamer control. Absorption values measured at 450 nm using EnVision® 2105 are shown. 

Absorption values of three aptamer-coated and three negative control wells were averaged, and negative control 

values were subtracted. Error bars represent the square root of the sum of the variances of three aptamer-coated 

wells and three negative control wells 

Hence, application of the masking approach resulted in the selection of at least two sequences 

that showed binding signals for His-KPC-2 in FLAA, and SPR. Lower binding signals were 

detected for mPD1-His in FLAA and no binding to mPD1-His was detected in SPR. SPR 

binding signals derived from injection of His-NDM-1 were considerably lower than for 

His-KPC-2. Kinetic SPR as well as MST measurements with high concentrations of His-KPC-2 

were not possible due to buffer incompatibility. Yet, capture of His-KPC-2 by the aptamers and 

detection using an anti-penta-His antibody was possible. Thus, it is likely that aptamers were 
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selected that showed selective binding to KPC-2 rather than its N-terminal His-tag. 

Fluorescence signals derived from the sequences in FLAA were still low. Thus, the masking 

approach led to a successful selection of His-KPC-2 specific aptamers. However, selection of 

highly affine aptamers was likely not successful. 

5.7. Implementation of KPC-2 Aptamers into an LFD 

Nevertheless, a combination of 5’-biotinylated, guanine rich aptamer KPC2-H14-05 

(54% guanines) and 5’-HS-triethylene glycol modified (referred to as thio-), pyrimidine rich 

aptamer KPC2-H13.3_Mask-41 (84% pyrimidines) were used for the development of a 

sandwich assay LFD by our project partner nal von minden GmbH (see also 8.12.2). 

5’-biotinylated KPC2-H14-05 was immobilized on the membrane and thio-KPC2-

H13.3_Mask-41 was immobilized on Au-NPs. A control line was not implemented in this assay. 

Preincubation of the Au-NP-aptamer conjugate with His-KPC-2 and application onto the 

membrane resulted in a visible test line for concentration ≥ 2 µg/ml when compared to the gold 

color card from Assure Tech. (Hangzhou) Co., Ltd. (Figure 19). Thus, as a sandwich 

assay-based detection was possible, it is likely that the two His-KPC-2 aptamers have different 

binding epitopes. Using these, a proof of concept for the development of an aptamer-aptamer 

sandwich LFD for the detection of His-KPC-2 was provided.  

 

Figure 19: Aptamer-aptamer sandwich assay LFD. 5’-biotinylated-KPC2-H14-05 was immobilized on the 

membrane and 5’-thio modified KPC2-H13.3_Mask-41 was immobilized on Au-NPs. Preincubation of the 

aptamer-coated Au-NPs with different concentrations of His-KPC-2 and application on the membranes resulted 

in a detectable signal for concentrations ≥ 2 µg/ml, indicating different binding epitopes of the two His-KPC-2 

aptamers (above). Signal intensities were compared to the gold color card (below). Numbers higher than 3 

indicate a detectable signal. 
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5.8. Selection against His-NDM-1 with the Masking Approach 

5.8.1. PCR and Affinity Analysis 

Even though the masking approach likely did not result in the selection of an aptamer 

exceeding KPC2-H14-05 in affinity, it was successful in the prevention of strong enrichment of 

His-tag-binding sequences. Thus, the masking approach was chosen for the reselection 

against His-NDM-1, starting from SR10.1. Four selection rounds were conducted with either 

mPD1-His or mPD1-His and CFHR1-His as well as beads only as negative selections and 

masking with aptamer KPC2-H14-01(01)-FR. After only two SRs, PCR cycles required to 

obtain a signal derived from the elution fraction dropped from 15 after SR11.2_Mask to 10 after 

SR12.2_Mask (see also Table 5). The reduction in PCR cycles was detected despite an 

increase in stringency as the negative selection against mPD1-His was conducted with double 

the amount of mPD1-His compared to His-NDM-1. However, a control selection conducted as 

SR12.2_Mask_Control also showed a signal derived from the elution fraction after 10 PCR 

cycles as well. Thus, selection was continued for one SR with the same conditions as for 

SR11.2. PCR cycles required to obtain a signal derived from the elution fraction remained 

constant. One more selection round was conducted with increased stringency as the amount 

of His-NDM-1 was reduced by half while the amount of ssDNA and negative selection target 

mPD1-His remained constant. Furthermore, another negative selection against CFHR1-His at 

double the amount of His-NDM-1 was conducted. Thus, selection stringency was strongly 

increased (see also Table 24). Here, 12 PCR cycles were required to obtain a signal for the 

elution fraction. For a control selection conducted as SR14.2_Mask_Control, 15 PCR cycles 

were required (see also Table 5).  

Table 5: PCR cycles required to obtain a signal from the elution fractions for selections against His-NDM-1 

employing the masking approach to avoid His-tag binding. 

SR PCR cycles 

11.2_Mask 15 

12.2_Mask 10 

12.2_Mask_Control 10 

13.3_Mask 10 

14.2_Mask 12 

14.2_Mask_Control 15 

 

Affinity of the ssDNA pool from SR14.2_Mask was tested by FLAA (see also 8.9). The ssDNA 

pool showed fluorescence values that exceeded that of the initial library by a factor of 5   

(Figure 20).  
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Figure 20: Characterization of the ssDNA pool after SR14.2_Mask. The ssDNA pool selected against His-NDM-1 

was tested for affinity to the target by FLAA. Fluorescence units measured with excitation at 485 nm and emission 

at 527 nm using EnVision® 2105 are shown. The fluorescence signal derived from the ssDNA pool after SR14.2 

exceeded that of the initial library. Fluorescence values of two target-coated and two negative control wells were 

averaged, and negative control values were subtracted. Error bars represent the square root of the sum of the 

variances of two target-coated wells and two negative control wells. 

5.8.2. Next Generation Sequencing and Characterization of Aptamer Candidates 

Affinity of the ssDNA pool was detected and thus, ssDNA pools from SR14.2_Mask and 

14.2_Mask_Control were sequenced (see also 8.8). Enrichment of SR14.2_Mask was higher 

than for SR11.1 and 14.1, with 57.1% unique sequences. SR14.2_Mask_Control was also 

enriched, with unique sequences accounting for 50.9% of total sequences. The most enriched 

sequence after SR14.2_Mask accounted for 3.52% of total sequences. As for KPC-2 

selections, the 100 most enriched sequences were screened for the His-tag-binding motif and 

were found to account for 1% of sequence counts. Further analysis of the randomized regions 

of the 100 most enriched sequences revealed five distinct motifs (Appendix Table 6) 

Sequences were grouped according to the motifs as sequence families. 20 representatives 

(see also Table 14), including members of the sequence families as well as the most enriched 

sequences, were synthesized on the condition that their percentage was higher for 

SR14.2_Mask than for SR14.2_Mask_Control. Furthermore, sequences including the His-tag-

binding motif as well as non-binders from other selections or selection rounds were excluded.  

After synthesis, as a first screening approach, all aptamers were tested for binding to 

His-NDM-1 and mPD1-His by FLAA (see also 8.9). Here, His-NDM-1 and mPD1-His were 

immobilized on non-directionally and incubated with aptamer candidates as well as the initial 

library. Aptamer candidates that showed higher binding signals for His-NDM-1 than for 

mPD1-His as well as higher signals than the initial library were NDM1-H14.2_Mask-16 (82 nt), 
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_Mask-19 (80 nt), _Mask-39 (79 nt), _Mask-42 (80 nt) and _Mask-43 (80 nt) (Figure 21A-C). 

These five aptamer candidates were chosen for further characterization. To decrease His-tag 

accessibility, His-NDM-1 was now immobilized via its N-terminal His-tag. Here, a stable 

fluorescence signal, exceeding that of the initial library, used as a negative control, was 

detected only for NDM1-H14.2_Mask-43 (Figure 21D).  

  

  

Figure 21: Characterization of aptamer candidates after SR14.2_Mask.  Fluorescence units measured with 

excitation at 485 nm and emission at 527 nm using EnVision® 2105 are shown. (A-C) As a first screening approach, 

FLAA was conducted with His-NDM-1 and mPD1-His immobilized non-directionally and incubated with aptamer 

candidates selected against His-NDM-1 as well as the initial library. Aptamer candidates that showed higher 

fluorescence signals for His-NDM-1 than for mPD1-His are indicated with a red arrow. Those five promising 

candidates were chosen for further analysis. (D) To decrease accessibility of the N-terminal His-Tag, FLAA was 

conducted with His-NDM-1 immobilized via the His-tag and incubated with the five aptamer candidates and the 

initial library. A binding signal was obtained for NDM1-H14.2_Mask-43. (A-D) Fluorescence values of three target-

coated and three negative control wells were averaged, and negative control values were subtracted. Error bars 

represent the square root of the sum of the variances of three target-coated wells and three negative control 

wells. 
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5.8.3. Kinetic Analysis and Sandwich Assay Development 

As NDM1-H14.2_Mask-43 showed binding to His-NDM-1 in two different FLAA formats, it was 

chosen for quantitative aptamer characterization by SPR (see also 8.11) and MST (see also 

8.10). For SPR, 5‘-biotinylated NDM1-H14.2_Mask-43 was synthesized and immobilized on 

an SPR sensor chip and increasing concentrations of His-NDM-1 were injected (Figure 22A). 

A KD was calculated as 7.45 * 10-7 M (for kinetic data see also Table 7 at the end of section 

5.9.2). To investigate dependence of binding on the specific sequence, a 5’-biotinylated fully 

scrambled version of NDM1-H14.2_Mask-43 (ConSc) was designed and used as a negative 

control aptamer in SPR (see also Table 14). When compared to NDM1-H14.2_Mask-43, 

response units upon injection of His-NDM-1 were strongly decreased for the control aptamer 

ConSc (Figure 22B). Here, kinetic parameters could not be determined as the calculated ka 

was outside of the measurable range. Thus, sequence-dependent binding of NDM1-

H14.2_Mask-43 to His-NDM-1 was validated.  

  



54 
 

 

 

Figure 22: SPR and MST analysis of NDM1-H14.2_Mask-43 and control aptamers. (A-B) SPR analysis. Response 

units over the course of 500 s are shown for His-NDM-1 concentrations ranging from 117.2 – 7500 nM. 

5’-biotinylated aptamers (A) NDM1-H14.2_Mask-43 and (B) ConSc were immobilized on SPR sensor chips. Kinetic 

parameters were assessed by injection of increasing amounts of His-NDM-1. Kinetic parameters are listed in 

Table 7. (C-D) MST analysis. ΔFnorm values in per mill are shown over analyte concentrations ranging from 

32.3 - 0.017 µM (His-NDM-1 and hexa-His peptide) and 25.3 - 0.013 µM (His-OXA-23). Binding of 5’-Cy5 labeled 

aptamer (C) NDM1-H14.2_Mask-43 to His-NDM-1, His-OXA-23, and the hexa-His peptide as well as binding of (D) 

5’-Cy5 labeled control aptamer Con1 to His-NDM-1 were assessed by MST. KD-values are specified in Table 7. 

Error bars represent the standard deviation from three independent experiments. 

To further assess specificity and sequence dependence of the binding event, 

NDM1-H14.2_Mask-43 as well as an unrelated control aptamer Con1 were synthesized 

5‘-Cy5-labelled and used for MST. Both aptamers were incubated with increasing 

concentrations of His-NDM-1. Furthermore, Cy5-NDM1-H14.2_Mask-43 was incubated with 

increasing concentrations of His-OXA-23 and the hexa-His peptide. No binding was detected 

for Cy5-NDM1-H14.2_Mask-43 to His-OXA-23 and the hexa-His peptide as well as for 

Cy5-Con1 to His-NDM-1. Only incubation of Cy5-NDM1-H14.2_Mask-43 with increasing 

concentrations of His-NDM-1 resulted in a binding curve. Here, a KD-value of 2.82 * 10-6 M was 
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calculated by the software MO.Affinity Analysis (see also Table 7 at the end of section 5.9.2). 

Hence, binding of NDM1-H14.2_Mask-43 to His-NDM-1 was detected. Moreover, 

NDM1-H14.2_Mask-43 did not bind to another His-tagged carbapenemase (His-OXA-23) nor 

to the hexa-His peptide, accounting for the specificity of the binding event. Furthermore, no 

binding of unrelated control aptamer Con1, further substantiating sequence dependence of 

binding.  

Thus, an aptamer specific for NDM-1 could be selected using the masking approach. The 

aptamer was then used for the development of a sandwich assay. Here, truncated versions of 

the aptamer NDM1-H14.2_Mask-43 were synthesized. Due to high target consumption, these 

truncations were not kinetically characterized but directly tested in a sandwich assay format. 

The truncations were designed to lack either the forward (NDM1-H14.2_Mask-43-F, 62 nt) or 

reverse (NDM1-H14.2_Mask-43-R, 62 nt) or both (NDM1-H14.2_Mask-43-FR, 44 nt) primer 

binding sites. 5’-biotinylated NDM1-H14.2_Mask-43 and truncations thereof were immobilized 

as capture molecules, incubated with His-NDM-1 and detected using a polyclonal anti-NDM-1 

antibody and a HRP-labelled secondary antibody (see also 8.12.1). Thus, an aptamer-antibody 

sandwich assay was set up that was independent of the N-terminal His-tag. Wells coated with 

either an unrelated control aptamer KPC2-H13.3_Mask-294 from the selection against 

His-KPC-2 and wells without aptamer-coating were used as negative controls. Signals derived 

from wells coated with 5’-biotinylated NDM1-H14.2_Mask-43 and derivates thereof exceeded 

that of the unrelated aptamer control by factors 2.1 (NDM1-H14.2_Mask-43), 1.7 (NDM1-

H14.2_Mask-43-F), 2.4 (NDM1-H14.2_Mask-43-R) and 2.7 (NDM1-H14.2_Mask-43-FR). 

Thus, His-tag independent detection of His-NDM-1 appeared possible. However, the signal 

derived from the no aptamer control wells was comparably high to that derived from 

NDM1-H14.2 _Mask-43-F. The other derivates only exceeded that control by factors of 1.2 

(NDM1-H14.2_Mask-43), 1.4 (NDM1-H14.2_Mask-43-R) and 1.6 (NDM1-H14.2_Mask-43-FR) 

(Figure 23). The signal derived from wells without aptamer-coating was calculated as the 

averaged signal derived from incubation with His-NDM-1, primary, and secondary antibody 

minus the averaged signals from wells incubated with the primary and secondary antibody 

only. Thus, the high signal intensity derived from this control is likely attributed to non-specific 

adsorption of His-NDM-1 to the surface of the biotin-blocked SA-MTP. Nevertheless, 

implementation of NDM1-H14.2_Mask-43 and derivates NDM1-H14.2_Mask-43-R and 

NDM1-H14.2 _Mask-43-FR in combination with the anti-NDM-1 antibody into LFDs is of future 

interest as unspecific adsorption of His-NDM-1 may not occur when using a different 

immobilization support.  
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Figure 23: Evaluation of aptamer NDM1-H14.2_Mask-43 and truncated derivates by an MTP-based aptamer-

antibody sandwich assay. Absorption values measured 450 nm using EnVision® 2105 are shown. 5’-biotinylated 

aptamers NDM1-H14.2_Mask-43, truncated derivates and control aptamer KPC2-H13.3_Mask-294 were 

immobilized on a SA-MTP. 60 pmol His-NDM-1 were captured by the aptamers and detected by an anti-NDM-1 

antibody and a HRP labeled secondary antibody. Signals derived from wells coated with NDM1-H14.2_Mask-43 

and truncated derivates exceeded those derived from wells coated with the control aptamer. Yet, high signals 

were also derived from the no aptamer control. Absorption values of three aptamer-coated and three negative 

control wells were averaged, and negative control values were subtracted. Error bars represent the square root 

of the sum of the variances of three aptamer-coated wells and three negative control wells. 

5.9. Doped SELEX against His-NDM-1 

5.9.1. PCR, Enrichment and Affinity Analysis 

As NDM1-H14.2_Mask-43 turned out to be a suitable binding probe for detection of NDM-1, 

an approach was designed to increase its target affinity. A doped library was obtained in which 

the randomized region was kept constant for 79.5% percent. Each nucleotide within the 44 nt 

region was replaced in 5 - 8% of cases indicated by the respective number as specified by the 

supplier. The primer regions were kept 100% constant, resulting in a new, partially randomized 

library GTA TCT GGT GGT CTA TGG 667 685 866 765 586 878 686 888 868 885 886 888 

856 865 66G CAT AGA CGA CGA AGA AC (see also Table 14). Selection was carried out for 

four selection rounds. Selection pressure was increased after each round by decreasing the 

target to ssDNA ratio, adding additional and prolonged washing steps, and by variations in 

negative selections against Dynabeads™ M-280 Tosylactivated and against immobilized 

mPD1-His (see also 8.2.3 and Table 25). Furthermore, target incubation was reduced to 

30 minutes throughout the first two selections rounds, for 10 minutes in doped selection round 

(DSR) 3.1 and for twenty minutes in DSR4.1. PCR cycles required to obtain a signal for the 

elution fraction after gel electrophoresis increased from DSR1.1 to DSR2.1 from 10 to 15 PCR 
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cycles which is well in line with the increase in stringency. After DSR3.1 15 PCR cycles were 

also required even though the stringency was further increased (Table 6). 

Table 6: PCR cycles required to obtain a signal from the elution fractions for doped SELEX against His-NDM-1 

employing the masking approach to avoid His-tag binding. 

DSR PCR cycles  

1.1_Mask 10 

2.1_Mask 15 

3.1_Mask 15 

4.1_Mask 15 

4.1_Mask_Control 15 

 

Enrichment and affinity were tested by DANA (see also 8.7) and FLAA (see also 8.9). As 

expected, the doped library showed a slight signal of enrichment in DANA. DSR2.1 and 

DSR3.1 showed strong enrichment signals. In FLAA a negative signal was obtained for the 

doped library while a slightly positive signal was derived for the enriched pool after DSR3.1 

(Figure 24).  

 

Figure 24: Enrichment and affinity analysis of DNA pools selected against His-NDM-1 by doped SELEX. (A) For 

enrichment analysis, signals obtained from reactions incubated with S1 nuclease (+) were compared to signals 

derived from reactions without S1 nuclease (-). DSR2.1 and DSR3.1 were found to be enriched. (B) The ssDNA 

pool after DSR3.1 was tested for affinity by FLAA. Fluorescence units measured with excitation at 485 nm and 

emission at 527 nm using Mithras² LB 943 are shown. The ssDNA from DSR3.1 showed slight affinity to His-NDM-1 

when compared to the initial library. Fluorescence values of two target-coated and two negative control wells 

were averaged, and negative control values were subtracted. Error bars represent the square root of the sum of 

the variances of two target-coated wells and two negative control wells. 
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5.9.2. Next Generation Sequencing and Characterization of Aptamer Candidates 

One more selection round, including a control selection was conducted. Here, for both the 

target selection as well as for the control selection 15 PCR cycles were required to obtain a 

PCR signal. Nevertheless, ssDNA pools from DSR3.1, DSR4.1 and DSR4.1_Control were 

sequenced. The DNA pools were strongly enriched with 20.0% unique sequences for DSR3.1, 

15.0% for DSR4.1 and 17.0% for DSR4.1_Control. Sequence analysis of the randomized 

regions of the of the 100 most enriched sequences after DSR4.1 revealed three motifs that 

were highly abundant and two motifs that also occurred frequently (Appendix Table 6). 

NDM1-H14.2_Mask-43 was at position 37 after this doped SELEX. The previously identified 

His-tag-binding motif was not present among the 100 most enriched sequences. Sequences 

were grouped according to the motifs as sequence families. Members of the sequence families 

were picked, and six sequences were synthesized (see also Table 14) and tested for binding 

in FLAA (see also 8.9). His-NDM-1 was immobilized via the N-terminal His-tag and incubated 

with the aptamer candidates. The overall signal intensity was low. Binding signals exceeding 

that of the initial library were obtained for NDM1-DSR4_04 (84 nt), NDM1-DSR4_16 (80 nt) 

and NDM1-DSR4_74 (80 nt) (Figure 25A).  
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Figure 25: Characterization of aptamer candidates after DSR4.1. (A) Aptamer candidates selected against 

His-NDM-1 were tested for affinity to His-NDM-1 by FLAA. Fluorescence units measured with excitation at 

485 nm and emission at 527 nm using Mithras² LB 943 are shown. His-NDM-1 was immobilized via its N-terminal 

His-tag. Aptamer candidates that showed binding signals exceeding that of the initial library are indicated by red 

arrows. Aptamer candidates (B) NDM1-DSR4_04 and (C) NDM1-DSR4_16 were characterized by SPR. Response 

units over the course of 500 s are shown for His-NDM-1 concentrations ranging from 117.2 - 7500 nM. 

5’-biotinylated aptamers were immobilized on a SPR sensor chip and injected with increasing concentrations of 

His-NDM-1. Kinetic parameters are specified in Table 7. Fluorescence values of three target-coated and three 

negative control wells were averaged, and negative control values were subtracted. Error bars represent the 

square root of the sum of the variances of three target-coated wells and three negative control wells 

NDM1-DSR4_16 and _74 shared sequence similarities while incubation with NDM1-DSR4_16 

resulted in a higher fluorescence signal. Thus, only aptamer candidates NDM1-DSR4_04 and 

NDM1-DSR4_16, which showed very low sequence identity, were used for further 

characterization by SPR (see also 8.11). 5’-biotinylated aptamer candidates were immobilized 

on an SPR chip and injected with increasing concentrations of His-NDM-1 (Figure 25B-C). 

Here, KDs were calculated as 4.37 * 10-7 M for NDM1-DSR4_04 and 1.11 * 10-6 M for 

NDM1-DSR4_16 (for kinetic data see also Table 7). Both values are in a comparable range to 
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NDM1-H14.2_Mask-43. Thus, the selection of a considerably more affine binder was not 

successful. NDM1-DSR4_04 exhibited low sequence similarity to NDM1-H14.2_Mask-43. 

Thus, further characterization of this aptamer candidate may be of interest for the development 

of an aptamer-aptamer sandwich assay for the specific detection of NDM-1.  

Table 7: Kinetic data and KD-values of His-NDM-1 binding. Kinetic data of His-NDM-1 aptamers and scramble 

control aptamer ConSc were assessed by SPR. KD-values of NDM-1 aptamer NDM1-H14.2_Mask-43 and unrelated 

control aptamer Con1, binding to His-NDM-1 were assessed by MST. NDM1-H14.2_Mask-43 was further tested 

for binding to the hexa-His peptide and His-OXA-23. Kinetic values: ka = association constant, kd = dissociation 

constant. 

Method: SPR 

Ligand Analyte ka (1/Ms) kd (1/s) KD (M) Chi² (RU²) 

Bio-NDM1-H14.2_Mask-43 

His-NDM-1 

1.00*103 7.48*10-4 7.45*10-7 0.70 

Bio-ConSc - - - - 

Bio-NDM1-DSR4_04 0.87*103 3.78*10-4 4.37*10-7 0.70 

Bio-NDM1-DSR4_16 0.91*103 1.00*10-3 1.11*10-6 4.35 

Method: MST 

Ligand Analyte KD (M) 
KD confidence 

(M) 

Cy5-NDM1-H14.2_Mask-43 

His-NDM-1 2.82*10-6 3.77*10-7 

His-OXA-23 - - 

Hexa-His peptide - - 

Cy5-Con1 His-NDM-1 - - 
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6. Discussion 

6.1. Aptamer Selections using SELEX 

SELEX is a versatile technique for the in vitro selection of high-affinity binders. Aptamers are 

relatively small in size, easy to synthesize and modify without batch-to-batch variations, heat-

stable and of very low immunogenicity 109. The in vitro selection process allows the selection 

against a wide variety of target molecules, including toxic and non-immunogenic agents as 

well as selection under non-physiological conditions 64,87. All these features make aptamers 

valuable tools for many applications in the fields of diagnostics, therapeutics, or environmental 

analysis. A few aptamer-based products have already been introduced in clinical and industrial 

applications 110.  

Besides its great benefits, the generation of aptamers by SELEX has some limitations 

hampering the selection of highly affine and specific aptamers. Firstly, aptamers are rather 

unstable in biological fluids. For therapeutic applications, costly modifications are required. 

Secondly, libraries used for selection are highly complex and the number of target-binding 

sequences within a nucleic acid library is usually low. Therefore, the selection of these few 

sequences by repeated target incubation usually requires PCR amplification of binding 

sequences prior to each selection round. A disadvantage of PCR-based DNA amplification is 

the possible occurrence of PCR bias. In the case of SELEX, PCR bias may result in the 

overrepresentation of weaker binding sequences in case their replication is more favored than 

that of binders with higher affinity. When using PCR to amplify DNA, bias cannot be fully 

bypassed. However, careful optimization of the PCR conditions can improve amplification 

outcome 81. In this work, primers were designed regarding minimization of hairpin and dimer 

formation. In order to minimize byproduct formation, PCR cycles were kept low by making use 

of a three- to four-step PCR protocol with few cycles instead of a one-step protocol with many 

cycles. Thirdly, artifactual selection of sequences not binding to the target molecule but rather 

to, e.g., the selection matrix or additional moieties attached to the target molecule, like 

purification tags, is a risk that accompanies selection 110,111. To reduce selection of non-target 

specific binders, negative selections, e.g., against the selection matrix or other molecules 

carrying the same additional moieties, are commonly recommended. Especially for 

cell-SELEX, negative selections are an essential part of the selection process as cells present 

high numbers of attractive side targets on their surfaces 77. Negative selections against related 

molecules can also be used to increase specificity of the selected aptamers. Yet, negative 

selections have been reported to not always be sufficient to prevent enrichment of side target-

binding sequences at least throughout cell-SELEX 48. Moreover, not all target molecules are 

equally well suited for SELEX. The presence of hydrogen bond donors and acceptors 
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(e.g., hetero atoms like amine groups) as well as, positively charged groups, planarity and 

aromatic rings that allow π-π stacking are favorable 112,113. Negatively charged groups as well 

as hydrophobic stretches make selection more difficult. When selecting against a difficult 

target, negative selections, especially against closely related molecules can exert strong 

selection pressure 114. This may result in a loss of binding sequences. In this work, eleven 

selection rounds against His-tagged carbapenemases with negative selection against other 

His-tagged carbapenemases did not result in the identification of aptamers (further discussed 

in 6.1.1). Three additional selection rounds without negative selections against other proteins 

resulted in the strong enrichment of His-tag-binding sequences (further discussed in 6.1.2). 

Thus, strategies to avoid His-tag binding while facilitating selection of carbapenemase-binding 

aptamers were designed (further discussed in 6.1.3) and tested using His-KPC-2 as a model 

target (further discussed in 6.1.4). The most promising strategy was applied to selection 

against His-NDM-1 (further discussed in 6.1.5). Additionally, a doped SELEX was performed 

to enhance affinity (further discussed in 6.1.6). 

6.1.1. First Selection Rounds against His-KPC-2 and His-NDM-1  

In this work, eleven selection rounds against N-terminally His-tagged carbapenemases 

His-KPC-2 and His-NDM-1 did not result in target-binding sequences. Here, negative 

selections were conducted against the immobilization matrix Dynabeads™ M-280 

Tosylactivated (SR1.1 - 11.1) and against carbapenemases His-NDM-1 in case of selection 

against His-KPC-2 and vice versa (SR5.1 - 11.1) as well as His-OXA-23 (SR8.1 - 11.1) (see 

also Table 19 and Table 20). Negative selections against proteins from the same family were 

inter alia implemented to select for aptamers specific for one carbapenemases without cross 

reactivity to others. All three carbapenemases were tested for activity prior to selection and 

were found to be enzymatically active. Thus, native folding was assumed. Furthermore, activity 

of His-KPC-2 and His-NDM-1 was assessed after covalent coupling to Dynabeads™ M-280 

Tosylactivated. Here, the color change was considerably lower (see also 5.2). This may be 

attributed to immobilization via primary amines on Dynabeads™ M-280 Tosylactivated. 

Primary amines are located at the N-terminus and at lysine residues in proteins. His-KPC-2 

contains ten lysine residues in its primary sequences, two of which are a conserved active site 

residues (K73 and K234) 115. His-NDM-1 contains nine lysines, none of which are considered 

key conserved side chains that coordinate metal ions in the active center. However, four of 

these lysines are part of the five active site loops forming the active site cavitiy (K124, K210, 

K213, K215) 116. Immobilization via lysines that form the active centers or are located in close 

proximity to the active centers may affect carbapenemase activity. Furthermore, only 0.6 µg of 

His-NDM-1 and 0.9 µg of His-KPC-2 coupled to magnetic beads were tested compared to 1 µg 
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of each carbapenemases in solution. Thus, immobilization via lysines at or near the active 

center may have reduced enzyme activity resulting in a weaker color change. The lesser 

amount of protein used for analysis may also have contributed to the weaker signal. 

Nevertheless, remaining activity was detected. Hence, availability of active centers was likely.  

Selection was monitored by PCR analysis of different fractions of the selection process, by 

enrichment and affinity analysis. Over the course of selection, PCR cycles required to obtain 

a signal in gel analysis from DNA derived from the elution fraction decreased for selections 

against both targets (see also 5.3.1). The decrease in PCR cycles suggests that more ssDNA 

was eluted from the beads even though the amount of ssDNA used for selection was 

decreased and the number and duration of washing steps was increased. Thus, an enrichment 

of sequences, potentially binding to the target molecule, was observed. Furthermore, PCR 

cycles required to obtain a signal for eluted ssDNA derived from the control selections 

exceeded those of the target selection. This indicated that the signal derived from the elution 

fraction of the target selections did not mainly derive from binding to the selection matrix 

(Dynabeads™ M-280 Tosylactivated). Enrichment of the ssDNA pools selected against 

His-KPC-2 and His-NDM-1 was tested by DANA and affinity was tested by FLAA (see also 

5.3.2).  

As PCR analysis indicated a positive progress over the course of selection and slight 

enrichment and affinity signals were obtained, NGS was performed. Compared to cloning and 

Sanger sequencing, NGS offers a broader information spectrum. Aptamers with desirable 

binding properties but low copy numbers may be missed by Sanger sequencing 117. NGS 

approaches can be divided into short-read techniques and long-read techniques (see 

also 3.6.1). When sequencing long DNA stretches using short-read techniques, sequencing 

data must be reassembled 118. In this case, long-read techniques such as nanopore 

sequencing can be beneficial. Yet, aptamers mostly do not exceed 100 nt in length and can 

be easily accommodated using short-read techniques. The most used short-read techniques 

are based on the mechanism of sequencing by synthesis employing amplification by 

polymerases. Here, amplification can occur as emulsion PCR or bridge amplification PCR. 

Incorporation of nucleotides can be analyzed using light emitted via an enzyme cascade 

(pyrosequencing), fluorescently labeled nucleotides with reversible termination chemistry 

(Illumina technology) or pH-shifts in microwells (Ion Torrent technology) 118. All technologies 

are characterized by certain strengths and weaknesses. Major advantages of pyrosequencing 

are the comparably long read lengths of up to 800 bp and the bypassing of a chemical 

deblocking step which lowers the risk of premature chain termination. A limitation of 

pyrosequencing is that homopolymer regions are often misread. The same limitation applies 

for the Ion Torrent technology. Here, substitution errors are low, but incorporation of multiple 
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identical bases can result in a loss of signal linearity. The Illumina technology offers the 

possibility to accurately sequence homopolymer stretches due to the “one at a time” detection 

of nucleotides and its capability of paired-end sequencing. A limitation of the Illumina 

technology is the comparably low read length 95,119. Yet, as aptamers are inherently short 

nucleic acids, limitations in read length are not limiting aptamer sequencing. Thus, in this work, 

Illumina dye sequencing was used for NGS. In addition to high sequence coverage, NGS 

facilitates the evaluation of binder evolution over the course of different selection rounds 81. In 

this work, DNA pools from three (selection against His-KPC-2) or two (selection against 

His-NDM-1) consecutive selection rounds as well as a control selection of the final selection 

round (both targets) were sequenced (see also 5.3.3).  

Bioinformatic analysis of the NGS data was performed by AptaAnalyzer™-SELEX. The 

software inter alia allows demultiplexing of the NGS data, calculation of pool enrichment, 

ranking of sequences enriched in the DNA pools, comparison of sequences enriched in 

different SRs, and graphical representation of sequence length and nucleotide distributions, 

for both full sequences and randomized regions 120. However, identification of motifs and 

clustering as sequence families was performed without software support. Here multiple 

alignment programs like MAFFT 121, ClustalX 122 or the MEME Suite 123 may improve data 

analysis for future selections. In this work, analysis of the sequence data by AptanAnalyzer™-

SELEX revealed pool enrichment that was higher for selection against His-KPC-2 than for 

selection against His-NDM-1, which is well in line with the results of DANA. The percentage of 

the most enriched sequences was low for both selections with 0.66% and 1.43% of total 

sequences for His-NDM-1 and His-KPC-2, respectively. Low enrichment of sequences may 

indicate that the DNA pools are not dominated by sequences with high affinity to the targets. 

However, enrichment is not necessarily defined by the accumulation of identical sequences 

but can also be described as the accumulation of different sequences bearing the same 

motif 96. This type of enrichment is not covered by the AptaAnalyzer™-SELEX-based analysis 

of NGS data as sequences differing by only one nucleotide are counted as distinct sequences. 

Thus, it was assessed whether sequence motifs were enriched rather than complete 

sequences. The threshold for reoccurrence of a motif was set to at least three sequences 

carrying the motif. The threshold for nucleotides forming the motif to at least five, based on the 

usual length of DNA motifs in genomic analysis 107. Upon identification of a motif, sequences 

carrying that motif were grouped as a sequence family. Yet, for both selections, only one 

reoccurring sequence motif was found within the randomized regions of the 50 most enriched 

sequences (see also Appendix Table 6). Furthermore, the percentage of sequences derived 

from sequencing a pool selected against a target molecule was compared to the percentage 

of the same sequences derived from sequencing a pool selected against Dynabeads™ M-280 
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Tosylactivated only. These non-target selections were termed control selections and aimed at 

detecting sequences that bind to the selection matrix rather than the target molecule 

immobilized on it. Thus, any sequence whose percentual abundance was higher for the control 

selection than the target selection was excluded.  

16 aptamer candidates were synthesized and tested for binding to their respective target. Even 

though PCR analysis (see also 5.3.1) implicated a positive progression of selection, binding 

was not confirmed by FLAA and SPR (see also 5.3.3). Reasons for a false positive indication 

in PCR analysis may be attributed to the enrichment of unspecific binders or PCR bias 77,87. 

Yet, as more PCR cycles were required for amplification of eluted DNA derived from the control 

selection when compared to the target selection, strong enrichment of matrix binders was not 

indicated. PCR bias may have participated in the enrichment of the DNA pools. One possible 

strategy to reduce PCR-bias is microfluidic droplet PCR that can be used to achieve single 

molecule amplification 124. The implementation of this method may be of interest for future 

selections. Nevertheless, enrichment of sequences with high affinity to the target may also be 

achieved by the performance of more selection rounds or a change in the selection strategy. 

In this work, as no binders were identified and enrichment of single sequences and motifs was 

low, the selection strategy was changed.  

6.1.2. Selection Rounds without Negative Selections against Carbapenemases 

After eleven selection rounds, no aptamers were identified. Up to this point, six out of eleven 

selection rounds had been carried out with negative selections against His-tagged proteins 

from the same protein family. Here, the selection pressure caused by negative selections 

against related proteins may have been too high to achieve enrichment of target-binding 

aptamers. Thus, selection was continued with negative selections only against the 

immobilization matrix (Dynabeads™ M-280 Tosylactivated) while negative selections against 

related proteins were discontinued. After only two successive selection rounds enrichment was 

detected by DANA (see also 5.4.2). PCR analysis revealed that PCR cycles required to obtain 

a signal in gel electrophoresis had dropped even though SELEX parameters and thereby 

selection pressure was kept constant (see also 5.4.1). After one more selection round 

(SR14.1), affinity was tested and this time, binding signals of the ssDNA pools exceeded those 

of the initial library by factors greater than ten (see also 5.4.2). Thus, the abundance of strongly 

enriched sequences with desirable binding properties in the ssDNA pools was suspected.  

NGS data of the final selection round showed that enrichment of 58.0% unique sequences for 

selection against His-KPC-2 and 64.8% unique sequences for selection against His-NDM-1. 

For a more detailed analysis of the NGS data, the randomized regions of the 50 most enriched 
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sequences were analyzed as described in section 6.1.1 and repeatedly occurring motifs were 

identified (see also Appendix Table 6). Further, striking sequence similarities between 

selections against the two targets were detected: 

1. The most enriched sequence from selections against His-KPC-2 and His-NDM-1 were 

identical except for one nucleotide.  

2. Of the six motifs identified for selection against His-KPC-2, four motifs were also 

identified for selection against His-NDM-1.  

3. For selection against His-NDM-1, all motifs were also identified in the 50 most enriched 

sequences for selection against His-KPC-2.  

The similarities in the enriched sequences may have been caused by several factors. Firstly, 

PCR bias may have led to the enrichment of sequences that were favored during amplification. 

Secondly, the immobilization support may be targeted, leading to the enrichment of sequences 

that bind to the immobilization support 77. In both cases, the selection of aptamers that bind to 

the target proteins would have failed. However, the similarities in the enriched sequences may 

also be due to similarities in the proteins. In one case, it could be similar protein motifs to which 

the aptamers bind; in the other, it could be the purification tag. Similar protein motifs can be 

determined, e.g., from crystal structures. Crystal structures of KPC-2 and NDM-1 are 

available 115,125,126. A PyMOL-based structural alignment can be found in Appendix Figure 4. 

Here, structural similarities were not striking. The program calculated a root-mean-square 

deviation (RMSD) of the atomic positions of 15.409 angstroms. Although the RMSD is not 

sufficient to exhaustively quantify structural similarity, a high RMSD serves as an indicator of 

low structural similarity 127. Throughout selection, six rounds had been performed with negative 

selection against other His-tagged carbapenemases, lowering the likelihood for an enrichment 

of His-tag binders. As none the potential causes appeared very likely, testing of aptamer 

candidates was required to analyze which factor caused the enrichment of similar sequences 

in both selections. 

Aptamer candidates from all sequence families were synthesized. In FLAA strong binding 

signals for KPC2-H14-01(01) and KPC2-H14-08 were detected. SPR analysis revealed cross 

reactivity with other His-tagged proteins and MST analysis showed binding to a synthetic 

hexa-His peptide (see also 5.4.3 and 5.4.4). Highly affine His-tag aptamers were selected, 

even after six selection rounds with negative selection against either one or two different 

His-tagged proteins. After only three consecutive SRs without negative selections, strong 

enrichment of His-tag-binding sequences was possible.  
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The aptamer candidates that had shown the highest fluorescence signals in FLAA turned out 

to bind the His-tags rather than the target molecules. Thus, aptamer candidates that had shown 

lower fluorescence signals were used for cross reactivity testing. Upon incubation with 

immobilized His-KPC-2 and mPD1-His, only aptamers KPC2-H14-05 and KPC2-H14-07 

showed higher signals for His-KPC-2 than for mPD1-His. Detection of His-KPC-2 by 

KPC2-H14-05 in combination with a His-tag-binding antibody in an MTP-based sandwich 

assay was successful (see also 5.4.5). Thus, His-tag independent binding of KPC2-H14-05 to 

His-KPC-2 was likely and the aptamer was successfully implemented into an LFD (see 6.3). 

However, binding could not be confirmed by SPR and the signal intensity in FLAA and the 

MTP-based sandwich assay was low, indicating low target affinity (see also 6.2.2). 

Furthermore, no NDM-1 specific aptamer was identified. Accordingly, the selection strategy 

was changed again. 

6.1.3. Development of New Selection Strategies  

Eleven selection rounds with negative selections against His-tagged proteins from the same 

protein family did not result in strong enrichment of His-tag-binding sequences. However, 

carbapenemase binding sequences were not identified. Consecutive selection rounds without 

negative selections against His-tagged proteins resulted in the strong enrichment of His-tag-

binding sequences. Thus, instead of continuing selection, a new strategy for the selection of 

carbapenemase aptamers was desirable.  

One conceivable approach was cleavage of the His-tag and a restart of the selection. Some 

proteases such as enterokinase, factor Xa or thrombin can recognize and cleave specific 

cleavage sites which are inserted between the protein of interest and the tag 104. However, 

nonspecific cleavage sites may compromise protein integrity 128. More specific proteases are 

of viral origin such as rhinovirus 3C protease (3CP or PreScission) and tobacco etch virus 

(TEV) protease. Yet, some fusion proteins are inherently poor targets for TEV protease which 

may result in incomplete cleavage 129. Furthermore, additional purification steps after cleavage 

often result in a reduction of protein yield. Importantly, commercially available protein targets 

may not or only at high costs be available with required cleavage sites. In this work, 

commercially available proteins had already been purchased without protease specific 

cleavage sites which, besides other limitations, omitted tag cleavage. Accordingly, other 

strategies were required.  

In 2014, Even-Desrumeaux et al. published a selection strategy for phage display in which few 

rounds of selections were conducted to select for highly immunogenic but irrelevant epitope 

binders which were than used in excess to block unwanted epitopes throughout consecutive 
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selection rounds 130. Parallels to the selection performed in this work, in which only a few 

selection rounds were sufficient to strongly enrich His-tag aptamers, were noted. Moreover, 

epitope masking, e.g., by existent aptamers, has been published 131 but was not applied to 

His-tags yet. Thus, masking of the His-tag was chosen as one strategy to be tested.  

Additionally, competitive elution was a frequent result when searching for epitope directed 

selection in scientific literature. Here, usually the nucleic acid pools are eluted from the desired 

epitope by incubation with an excess of the target molecule or by other binders specific for the 

desired epitope 131-133. No specific binders for KPC-2 and NDM-1 were available in the 

laboratory. It was concluded that competitive elution of unwanted sequences from the His-tag 

of the target proteins prior to unspecific urea elution may decrease enrichment of His-tag 

aptamers as well. Hence, competitive elution of His-tag-binding sequences by an excess of a 

defined His-tag binder was chosen as a second strategy.  

The first two approaches were aimed at using aptamers directed against His-tags to either 

mask the His-tag or to competitively elute His-tag binders. Here, two options were conceivable. 

Firstly, usage of the His-tag binders selected throughout the first selection against His-KPC-2 

and His-NDM-1 and secondly usage of already published His-tag-binding sequences. Already 

published aptamers targeting polyhistidine include the RNA aptamer Shot 47 that exhibited a 

KD of 3.8 * 10-12 M when incubated with various concentrations of His-tagged macrophage 

migration inhibitory factor by SPR 134. The aptamer exhibited highly affine binding. However, 

RNA is either costly in synthesis or requires an additional in vitro transcription step prior to use. 

Thus, DNA aptamers were favored. DNA aptamers 6H1, 6H5 and 6H7 were patented by 

Doyle et al. in 2005 135. Here, SPR analysis resulted in KD-values that were in the range of 

8.0 * 10-11 to 1.8 * 10-7 M depending on the aptamer and the His-tagged target used for 

analysis. The His-tag aptamer KPC2-H14-01(01) selected against His-KPC-2 and His-NDM-1 

in this work and its derivates KPC2-H14-01(01)-R and KPC2-H14-01(01)-FR had also been 

used for KD determination by SPR. Here, kinetic assessment had also been conducted with 

different His-tagged proteins. KD-values calculated for binding to the different His-tagged 

proteins were in the range of 2.86 * 10-11 (KPC2-H14-01(01)-FR binding to CFHR1-His) to 

1.06 * 10-8 (KPC2-H14-01(01)-R binding to His-NDM-1). Binding of 5’-Cy5 labelled full-length 

aptamer KPC2-H14-01(01) to the hexa-His peptide, characterized by MST, had resulted in a 

KD of 2.81 * 10-8 ± 3.9 * 10-9 M (see also 5.4.4). Thus, binding affinity was in a comparable 

range to already published DNA aptamers. Furthermore, dependence of the calculated KD on 

the used His-tagged target molecule was also observed with KPC2-H14-01(01) and its 

truncated derivates. As KPC2-H14-01(01) had been selected for binding to His-KPC-2 and 

His-NDM-1 and characterized for binding to His-NDM-1, it seemed advisable to use a derivate 

of this aptamer for masking and competitive elution when reselecting against both targets. To 
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avoid amplification throughout the selection process, the fully truncated derivate 

KPC2-H14-01(01)-FR was used as the masking and competitive elution aptamer. 

Finally, research on selections against other His-tagged proteins revealed that the proteins 

were often immobilized on Dynabeads™ His-Tag Isolation and Pulldown 89,136,137. 

Immobilization via the His-tag can reduce accessibility of the His-tag. Dynabeads™ His-Tag 

Isolation and Pulldown deploy a cobalt-based immobilized metal affinity chromatography 

(IMAC) surface chemistry for the immobilization of His-tagged proteins. The basis of IMAC is 

a matrix on which metal chelating agents are covalently immobilized which form complexes 

with metal ions. Adsorption of proteins is based on coordination between an electron donor 

group in the protein and a metal ion on the surface. Histidine is the amino acid with the 

strongest affinity for metal ions. Thus, IMAC is frequently used for the purification of His-tagged 

proteins. While IMAC is an efficient way to purify His-tagged proteins, one disadvantage of 

IMAC is metal ion leakage 138 which may impact aptamer binding. Furthermore, the 

immobilization is not covalent and metal ions can serve as attractive targets for nucleic acid 

libraries 139. Nevertheless, immobilization on Dynabeads™ His-Tag Isolation and Pulldown 

was chosen as a third method to evaluate prevention of selection of His-tag-binding 

sequences.  

6.1.4. Selection against His-KPC-2 with different Selection Strategies 

His-KPC-2 was chosen as the model target to test the three selection strategies described 

above. For His-KPC-2, highly affine aptamers had been published in the meantime 106 and thus 

proof of concept of a successful selection was presented. It was also decided that selection 

should not be started from the beginning but from a selection round with decent 

pre-enrichment. NGS data for SR9.1, 10.1 and 11.1 was available. For SR11.1 aptamer 

candidates had been tested for binding to His-KPC-2 and neither binding to the carba-

penemase nor to the N-terminal His-tag had been detected. The motif GGG GGA CTG CTC 

GGG ATT GCG GA, was identified to be likely involved in His-tag binding (see also 5.6.2). In 

SR11.1, the motif was not detectable among the 100 most enriched sequences and 

enrichment was mediocre with 67.2% of unique sequences. Accordingly, ssDNA pools from 

SR11.1 were chosen as a starting point for restarting selection with the three strategies.  

After three consecutive selection rounds, DNA pools were sequenced, and the 100 most 

enriched sequences were analyzed for enrichment of the potential His-tag-binding motif. Here, 

the competitive elution approach performed worse with 21.6% of total sequence counts within 

the 100 most enriched sequences that included the potential His-tag-binding motif. Compared 

to SR14.1 this accounts for a 2.4% reduction. The reduction was particularly surprising as the 
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competitive elution approach was accompanied by negative selections with an unrelated 

His-tagged protein while the initial selection was carried out without negative selections against 

His-tagged proteins in SRs 12.1 - 14.1. The bad performance may be attributed to the ratio of 

competitor to target. Competitive elution usually requires large molar excess of the 

competitor 140. In this work a 10-fold molar excess of KPC2-H14-01(01)-FR over the immo-

bilized protein was used which may not have been sufficient for successful competition. 

Testing competition with a larger molar excess of the competitive elution aptamer may be of 

future interest.  

For the masking approach and immobilization on Dynabeads™ His-Tag Isolation and Pulldown 

a considerable reduction in the enrichment of the potential His-tag-binding motif was achieved. 

0.7% and 2.7% of sequence counts within the 100 most enriched sequences included the 

potential His-tag-binding motif for the two strategies, respectively. The reduction was higher 

for the masking approach then for immobilization on Dynabeads™ His-Tag Isolation and 

Pulldown. Hence, aptamer candidates selected with the masking approach were tested for 

selective binding to His-KPC-2. For two aptamer candidates binding to His-KPC-2 was shown 

for His-KPC-2 but not for His-NDM-1 and mPD1-His in SPR. An MTP-based sandwich assay 

with a detection molecule binding to the His-tag was also successful (see also 5.6.3). 

Accordingly, the selection of aptamers binding to His-KPC-2, independent of the His-tag was 

likely (see also 6.2.2). Here the masking approach was rated the most promising based on the 

enrichment of the identified His-tag-binding motif. However, as shown for, e.g., 

NDM1-H14-02(04), KPC2-H14-15(18), KPC2-H14-18(25), and KPC2-H14-09(39), other motifs 

can be involved in His-tag binding as well (see also 5.4.5). Moreover, as the masking approach 

failed and was restarted with ssDNA from SR10.1 (see also 5.6.1) and sequenced after 

SR13.3, comparability was not unrestricted. Therefore, enrichment of the identified motif may 

be a good indicator for His-tag binding, as the motif was strongly enriched after SR13.1 and 

SR14.1 and the His tag aptamers bearing the motif were highly affine, but it is not an 

exhaustive criterion. Accordingly, testing of sequences selected with the immobilization on 

Dynabeads™ His-Tag Isolation and Pulldown approach is of future interest. For the 

subsequent selection against His-NDM-1, the two strategies were further compared. Both 

strategies have strengths and weaknesses. In the case of His-tag masking, the masking 

aptamer may interfere with target binding. Immobilization on Dynabeads™ His-Tag Isolation 

and Pulldown on the other hand makes use of non-covalent coupling which may interfere with 

storage of the immobilized target as target molecules may leak into the buffer. Furthermore, 

metal ion leakage may pose a problem throughout selection, as the aptamer binding buffer 

composition changes. Also, in case of a target protein that forms homodimers, some His-tags 

may display retained accessibility. NDM-1 has been reported to exist as a partial dimer 116. 
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Thus, immobilization via the His-tag may not be suitable to decrease accessibility of all His-tags 

for this target. Hence, after weighing the strengths and weaknesses of the two strategies and 

also considering the lowest enrichment of the His-tag motif, the masking approach was applied 

to selection against His-NDM-1  

6.1.5. Selection against His-NDM-1 with Masking Approach 

The masking approach turned out to be suitable for selection of aptamers binding to His-KPC-2 

while not binding to other His-tagged proteins (see also 5.6.3). Furthermore, strong enrichment 

of the identified His-tag-binding motif was prevented. Thus, the approach was applied to 

selection against His-NDM-1. Unlike for His-KPC-2, NDM-1 specific DNA aptamers were 

neither identified after SR14.1 nor in the scientific literature. Further investigation on patent 

literature revealed two patented sequences, one that is claimed to bind NDM-1 from 2012 and 

one that is claimed to bind to NDM-1 and VIM-2 simultaneously from 2018 141,142. Here, 

specificity and sequence dependence were not assessed. Moreover, very little information on 

the used target protein, like the expression system or used purification tags, was published in 

the patent.  

Thus, as an attempt to select for a NDM-1 specific, well characterized ssDNA aptamer, 

selection was restarted with ssDNA from SR10.1. After three consecutive selection rounds 

NGS data revealed that the potential His-tag-binding motif was enriched in 1% of sequences 

counts within the 100 most enriched sequences. Aptamer candidates from six sequences 

families were tested in FLAA. Here, only NDM1-H14.2_Mask-43 showed binding to His-NDM-1 

in different FLAA formats (see also 5.8.2). SPR and MST analysis showed sequence 

dependent binding to His-NDM-1 with a binding affinity in the high nanomolar to low micromolar 

range. Binding to the hexa-His peptide and to another His-tagged carbapenemase 

– His-OXA-23 – was not detected (see also 5.8.3). Thus, a valuable binding probe for the 

detection of the highly prevalent and health hazardous carbapenemase NDM-1 was selected. 

However, the moderate affinity of NDM1-H14.2_43 may pose a problem for the detection of 

the resistance marker, as lower concentrations may be missed and result in false negative 

results. Various methods for the optimization of aptamer binding characteristics have been 

proposed. They include the introduction of artificial nucleotides, the joining of binding motifs 

from different aptamers, or the stabilization of aptamer structures e.g., by the introduction of 

locked nucleic acids 143.  
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6.1.6. Doped SELEX against His-NDM-1 

Another potential strategy to enhance binding properties of selected aptamers is to perform a 

doped SELEX. Here, the sequence of a selected aptamer is partially randomized. Thereby, a 

new doped library is synthesized and used for several additional selection rounds 144. In this 

work, a doped SELEX was performed as an attempt to select for more affine aptamers. The 

doped library was designed by partial randomization of the NDM-1 specific aptamer 

NDM1-H14.2_Mask-43. After only four rounds of selection employing the masking approach, 

the ssDNA pool was strongly enriched with 15% unique sequences. The 100 most enriched 

sequences were dominated by four distinct motifs (see also Appendix Table 6). Testing of 

aptamer candidates, however, revealed low overall signal intensities in FLAA (see also 5.9.1). 

Two aptamer candidates that showed binding signals in FLAA were kinetically analyzed. Here, 

KD-values were either comparable to that of NDM1-H14.2_Mask-43 or higher (see also 5.9.2). 

Thus, the approach to select for more affine binders was not successful. Yet, future attempts 

to test whether one of these newly selected aptamers can be used in combination with 

NDM1-H14.2_Mask-43 should be made to create an aptamer-aptamer sandwich assay that 

can be implemented into a LFD. In addition, future attempts can be made to increase aptamer 

affinity. Here, repeating the doped SELEX with improved conditions could lead to more 

desirable results. The stringency of selection may be better tuned by lowering it in early rounds 

and increasing it only in later rounds 145. Moreover, other SELEX strategies like the use of 

modified libraries, as in Click-SELEX, are of future interest 89. 

6.1.7. General Conclusions Drawn from the Selection 

The failure to select for high-affinity aptamers can be attributed to various factors influencing 

the outcome of selection. Firstly, target immobilization on a solid matrix bears certain risks. 

Immobilization of target proteins in high density can lead to artificially cooperative binding of 

weakly affine sequences that may displace high-affinity sequences 88. On the other hand, low 

immobilization density may increase the likelihood for selecting for sequences that bind to the 

immobilization matrix. Thus, immobilization density is a critical factor that should be considered 

carefully in subsequent selections. Another important factor is the target molecule itself. Target 

purity is important for the selection of specific aptamers. In case of a protein target, the 

isoelectric point plays a role in the success of the selection. Ahmad et al. found that the affinity 

of selected aptamers was a function of the proteins isoelectric point (pI). Here, aptamer 

affinities increased with the proteins pI, with an aptamer against a protein target with a pI of 

5.3 and net negative charge displayed the highest (least affine) KD 146. NDM-1 has a theoretical 

pI of 5.88 which may hamper selection of high affinity compared to proteins with higher pIs. 

Here, the expansion of the genetic code by introduction of artificial, potentially positively 
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charged bases may be favorable. Yet, introduction of artificial nucleotides increases selection 

and production costs. Finally, general factors impacting SELEX play a role as well. Choice of 

buffer conditions, nucleic acid to target ratio, and washing steps as well as PCR based 

amplification are factors that strongly influence SELEX outcomes. All selections against 

His-KPC-2 and His-NDM-1 were hampered by a strong tendency to byproduct formation in 

PCR. Additional purification steps were applied after almost every selection round which can 

be accompanied by the loss of sequence variety. Here, microfluidic droplet PCR (also 

discussed in 6.1.1) may be suitable as byproduct formation can be strongly reduced 124. 

Moreover, using size separation on denaturing poly acryl amide gels instead of exonuclease 

digestion of the antisense strand for single strand synthesis may bypass the additional 

purification step. However, ssDNA yield of this method is often lower than for exonuclease 

digestion 147. The design of an improved ssDNA library as well as optimization of the 

amplification process are of interest for future selections. Moreover, in future selections, the 

development of the nucleic acid pool may be more closely monitored by sequencing of ssDNA 

pools at earlier stages and more selection rounds 148. Finally, the analysis of NGS data may 

also be improved. In this work, all sequences were analyzed for enrichment and ranked by 

their abundance in the ssDNA pools using the AptaAnalyzer™-SELEX. Here, variations in 

sequence length as well as overlapping sequences in different selection rounds or between 

target and control selections were analyzed. The 50 - 300 most enriched clones were then 

analyzed for reoccurring motifs. The motif analysis may be expanded to more sequences and 

potentially be supported by suitable software for future selections. 

6.2. Aptamer Characterizations 

As discussed before, next generation sequencing provides data on millions of sequences 

simultaneously 149. Enrichment and motif analysis can aid to narrow down the data set to a set 

of potential aptamer candidates. These sequences now need to be tested for affinity and, if 

applicable, specificity to the target molecule. Adequate aptamer characterization is pivotal to 

determine whether an aptamer is suitable for the desired application 145. Aptamer 

characterization can provide qualitative and quantitative as well as structural information on 

aptamer-target binding 150. Qualitative aptamer binding studies can be used as a first screening 

approach to identify target binding sequences.  

Qualitative analysis of target binding can either be performed in solution with methods like 

nitrocellulose filter binding assays or EMSA or with immobilized target molecules in methods 

like MTP assays or SPR. For nitrocellulose filter binding assays and EMSA, the aptamer 

candidate and the target molecules are incubated in solution and separation of target bound 

aptamer candidates from unbound aptamer candidates is facilitated either by binding to a 
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nitrocellulose filter or by gel electrophoresis 151,152. Visualization of gel shifts and retained 

nucleic acids on the filter can be performed either by radiolabeling, by fluorescence labeling or 

by nucleic acids intercalating dyes. While radiolabeling is highly sensitive, it is also health 

hazardous and associated with high disposal costs. Thus, the use of other detection methods 

has become more frequent 153. In MTP assays the target molecule is immobilized on an MTP 

either directly or via a linker while in SPR, either the target or the nucleic acid can be 

immobilized on a sensor chip. An example for a non-radioactive MTP assay is FLAA. FLAA 

makes use of the ssDNA specific fluorescent dye Quant-iT™ OliGreen™. The dye is basically 

non-fluorescent in the absence of ssDNA, while it becomes fluorescent when bound to ssDNA. 

The intensity of the signal is inter alia dependent on the length of the nucleic acid and its 

sequence. Thus, aptamer candidates, bound to the immobilized target molecule can be 

qualitatively detected by fluorescence 154. For SPR measurements, the analyte – either binding 

partner that is not immobilized – is injected. Upon binding of the injected binding partner, the 

refractive index at the sensor surface increases, resulting in a change of the SPR angle (see 

also 8.11) 155. Immobilization of the target molecule as the ligand and injection of various 

aptamer candidates as analytes can be used as a qualitative screening method. In this work, 

aptamer candidate screenings were performed by FLAA and SPR with immobilized target 

molecules as ligands on the sensor surface. The use of immobilized target molecules 

appeared expedient as selections were also performed with the target molecules immobilized 

on magnetic beads. The first screening was always conducted by FLAA (see also 5.3.3, 5.4.3, 

5.6.3, 5.8.2, 5.9.2). Here, two to three technical replicates were performed. Some aptamer 

candidates were not chosen for further, quantitative characterization due to strong signal 

fluctuations. Here, a higher number of technical replicates would have allowed a more precise 

screening. However, technical replicates were limited because of the high costs of the target 

molecules. Aptamer candidates that performed well in screening assays were chosen for 

quantitative characterization. 

Quantitative characterization of aptamers includes the calculation of dissociation constants 

and, if applicable, kinetic or thermodynamic parameters. Methods for the quantitative analysis 

of aptamer-target binding events are inter alia SPR, MST, ITC, bio-layer interferometry (BLI) 

and the switchSENSE® technology. SPR, BLI, and the switchSENSE® technology are 

techniques that are frequently used to directly determine kinetic parameters (association rate 

ka and dissociation rate kd) of the binding event 155-157. Here, a strength of SPR and BLI is that 

no labels are required 155,156. The use of labeled aptamers or target molecules may interfere 

with aptamer binding 158. In contrast to SPR, MST can be used to quantitatively analyze an 

aptamer-target binding event in solution. Here, one binding partner is fluorescently labeled or 

intrinsically fluorescent while the other binding partner is titrated. The creation of a microscopic 
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temperature gradient allows the fluorescence-based tracking of molecules in the temperature 

gradient (see also 8.10). This phenomenon is called thermophoresis and is influenced by size, 

charge, and hydration shell. As virtually any binding event results in a change in one of these 

parameters, MST can be used to differentiate between unbound aptamers and aptamer-target 

complexes 159. A strength of this method is the determination of binding characteristics in 

solution. ITC can be used to measure the thermodynamic parameters of a binding event. 

Changes in the power required to maintain equal temperatures in a sample and a reference 

cell upon addition of the ligand to the sample cell are measured. Binding affinity, enthalpy 

changes and stoichiometry can be calculated in this manner 160. ITC can supply 

thermodynamic information on a binding event, immobilization as well as label-free. However, 

large amounts of both binding partners are usually required, lowering ITCs economic potential. 

In this work, aptamer candidates that had shown binding in qualitative screening assays were 

characterized by SPR and MST (see also 5.4.4, 5.8.3 and 5.9.2) to verify binding with 

immobilized aptamers as well as with both binding partners in solution.  

Structural information on aptamer binding can be obtained as well. Methods that can be used 

for the structural elucidation of aptamer-target molecular complexes include X-ray crystallo-

graphy, nuclear magnetic resonance (NMR) and circular dichroism (CD) spectroscopy 161. In 

X-ray crystallography a sample is crystallized and the three-dimensional structure of the crystal 

is determined by exposure to an X-ray beam 162. Crystal structures of aptamer-target 

complexes offer very detailed information on the interaction. Still, crystallization can be difficult. 

For NMR spectroscopy, isotope labeling is employed, and strong local magnetic fields are used 

to analyze the alignment of nuclei in an atom. Using NMR, high resolution structures can be 

obtained. However, the method is largely limited to complexes < 30 - 40 kDa due to the 

complexity of the data 161. CD spectroscopy is based on differences in absorption of right and 

left-handed circularly polarized light by chiral molecules. Chirality in nucleic acids is sourced 

from asymmetric sugar moieties, helicity of secondary structures and long-range tertiary 

ordering. Structure elucidation via CD spectroscopy is mainly empiric-based. Still changes 

upon target binding can be detected 163. In this work, structural data on the aptamers in 

complex with their respective targets has not been collected jet but may be of future interest. 

For interactions of carbapenemases with carbapenemase aptamers, X-ray crystallography 

may be expedient, while structures of complexes of the hexa-His peptide with His-tag binding 

aptamers may be solved by both X-ray crystallography and NMR.  

6.2.1. Characterization of His-tag-binding Aptamers 

In this work, first selection rounds with negative selections against other His-tagged 

carbapenemases did not result in the identification of aptamers. Yet, after three consecutive 
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selection rounds without negative selections against His-tagged carbapenemases, affinity 

testing revealed strong binding signals for 80 nt long KPC-2-H14-01(01) binding to both 

His-KPC-2 and His-NDM-1. Furthermore, 121 nt KPC2-H14-08 showed a stronger binding 

signal to His-KPC-2 (see also 5.4.3). Sequence analysis revealed that the randomized part of 

KPC2-H14-08 was a 3’-extension of the randomized part of KPC2-H14-01(01) by the 

randomized part of KPC2-H14-02. The 3’-extension may have aided in binding to His-KPC-2, 

as indicated by the higher signal in FLAA. However, the dye used for FLAA, Quant-it™ 

OliGreen® ssDNA Reagent, is not suitable for the simultaneous, quantitative comparison of 

different ssDNA sequences especially without the use of standard curves 164. Longer ssDNA 

sequences may incorporate more dye which can result in a more intense fluorescence signal. 

Long sequences considerably increase synthesis cost and synthesis of longer oligonucleotides 

is more error prone 49 which may conflict with the intended use of the aptamer and with further 

characterization. Here, identification of truncated versions of aptamers that retain affine and 

specific binding is desirable. A commonly used approach for aptamer truncation is removing 

either the 5’-, the 3’- or both primer binding sites 165-167, as they may not always be required for 

structure formation. In this work, KPC2-H14-01(01) was shortened by the 5’-, the 3’- or both 

primer binding sites while KPC2-H14-08 was only shortened by both primer sites to achieve a 

reasonable aptamer length (85 nt). Full-length and truncated aptamers were tested for binding 

by SPR with immobilized His-tagged carbapenemases from Ambler classes A, B and C 

(His-KPC-2 and His-NDM-1, His-OXA-23) and an unrelated His-tagged protein (mPD1-His). 

Strong binding signals were obtained from all four channels (see also 5.4.3).  

To further assess cross reactivity, KPC2-H14-01(01) and all truncated derivates were 

subjected to FLAA with three His-tagged (His-NDM-1, His-KPC-2, CFHR1-His) and one 

non-His-tagged protein (PAG) immobilized as targets. Binding was detected for all aptamers 

and all His-tagged but not the non-His-tagged protein targets, indicating His-tag binding. 

His-tag binding was confirmed for KPC2-H14-01(01) binding to a synthetic hexa-His peptide 

in MST. KPC2-H14-01(01) showed binding with a KD-value in the mid nanomolar range, while 

the unrelated control aptamer of comparable size did not show any binding (see also 5.4.4). 

Kinetic evaluations of the His-tag aptamers KPC2-H14-01(01), KPC2-H14-01(01)-R and 

KPC2-H14-01(01)-FR with different His-tagged proteins revealed KD-values that reached from 

the low nanomolar to the mid-picomolar range, depending on the aptamer and the His-tagged 

protein (see also 5.4.4). KD values in the low nanomolar to mid picomolar range are comparable 

to many monoclonal antibodies 168. Furthermore, differences in KD-values for His-tag binding 

of different proteins are well in line with differences in His-tag accessibility 169. Differences in 

KD-values when using SPR and MST may be attributed to multiple factors. Firstly, kinetic SPR 

measurements were conducted with the aptamer immobilized on an SPR chip. Immobilization 
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of aptamers can influence the three dimensional structure and aptamer-ligand interaction 170. 

Secondly, the aptamer modifications – 5’-biotin-triethylenglycol versus 5’-Cy5 – may have an 

impact on aptamer folding and thirdly, while in SPR the KD is calculated from the ratio of kd and 

ka, usually kinetic parameters are not assessed in MST 171,172. In MST, KD is calculated by fitting 

the binding curve with a quadratic solution derived from the law of mass action and based on 

the definition of the KD as 

 𝐾𝐷 =  [B] ∗ [L]/[BL] (2) 

where [B] is the concentration of free binding sites of the fluorescent molecule, [L] the 

concentration of free ligand and [BL] is the concentration of complexes of [B] and [L] 173. 

Nevertheless, His-tag binding was validated using different methods, and kinetic data revealed 

the high affinity of the His-tag aptamers. 

6.2.2. Characterization of His-KCP-2-binding Aptamers 

After SR14.1, the aptamer candidates that had exhibited high fluorescence signals in FLAA 

turned out to bind to the His-tags of His-KPC-2 and His-NDM-1. Characterization of further 

aptamer candidates resulted in the identification of KPC2-H14-05 which bound to His-KPC-2 

but not mPD1-His in FLAA indicating target binding rather than His-tag binding. Moreover, 

KPC2-H14-05 was suitable for detection of His-KPC-2 in an MTP-based aptamer-antibody 

sandwich assay with an antibody targeting the His-tag (see also 5.4.5). Thus, His-tag 

independent KPC-2 binding was likely. However, binding could not be qualitatively validated 

by SPR and His-KPC-2 was not suitable for kinetic analysis. As fluorescence and absorbance 

signals in FLAA and the sandwich assay were comparably low, the affinity of KPC2-H14-05 

high-affinity binding is unlikely. As discussed above the use of Quant-it™ OliGreen® ssDNA 

Reagent is not suitable for a quantitative analysis. Yet, a trend towards higher signals for more 

affine aptamers may be deduced. Thus, the selection of aptamers with higher affinity to 

His-KPC-2 was desirable. A quantification of signals can be achieved using radio-labeling and 

scintillation counting, instead of the fluorescent dye 153.  

His-KPC-2 was chosen as the model target to test selection strategies designed to prohibit 

His-tag binding and facilitate carbapenemase binding. In addition to testing the strategies, the 

selection of higher affinity aptamers was also aimed at. After three selection rounds performed 

with the different strategies, aptamer candidates selected against His-KPC-2 using the 

masking approach were tested for binding to His-KPC-2 and mPD1-His. For six aptamer 

candidates, higher fluorescence signals were obtained for His-KPC-2 than for mPD1-His (see 
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also 5.6.3). However, overall signal intensities were even lower than for KPC2-H14-05. Thus, 

the selection of highly affine aptamers appeared rather unlikely. However, two aptamer 

candidates KPC2-H13.3_Mask-41 and KPC2-H13.3_Mask-126 which were both rich in 

pyrimidines (84% and 82%, see also 5.6.3) were characterization by SPR. Here, single 

injections of His-KPC-2, His-NDM-1, and mPD1-His resulted in binding signals only for 

His-KPC-2, accounting for the selection of KPC-2 specific aptamers (see also 5.6.3). As for 

KPC2-H14-05, a kinetic evaluation was not possible due to buffer incompatibility and 

precipitation of His-KPC-2. Yet a sandwich assay with immobilized KPC-2 specific aptamers 

for capture and a His-tag-binding antibody for detection facilitated the detection of 25 µg/ml 

His-KPC-2 in an MTP-based assay. Absorbance values were lower than for KPC2-H14-05 

which is well in line with the signal intensity in FLAA. Thus, the approach to select for more 

affine aptamers likely failed.  

Quantitative binding analysis was omitted for the His-KPC-2 aptamers because of insolubility 

of His-KPC-2 in the aptamer binding buffer in high concentrations. Here, future attempts to test 

affinity with methods like SPR, MST or ITC could be facilitated by the expression of His-KPC-2 

with tags that increase protein solubility 174. Affinity may be increased, e.g., by site-directed 

mutagenesis or the introduction of artificial nucleotides 100,175. Also, a doped SELEX could be 

performed. However, as highly affine KPC-2 aptamers had been published in the meantime 106, 

it was primarily focused on selection of NDM-1 aptamers. 

6.2.3. Characterization of His-NDM-1-binding Aptamers 

Using the masking approach for selection against His-NDM-1, one aptamer candidate – 

NDM1-H14.2_Mask-43 – repeatedly showed binding signals to His-NDM-1 in FLAA employing 

different coupling chemistries (see also 5.8.2). This aptamer was further characterized by SPR 

and MST resulting in KD-values of 7.45 * 10-7 M and 2.82 * 10-6 M, respectively (see also 5.8.3). 

Selectivity of the aptamer was probed by MST. Cross reactivity was neither detected for 

His-tagged carbapenemase His-OXA-23 nor for the hexa-His peptide. Taken together with 

higher fluorescence signals for His-NDM-1 than for mPD1-His and retained binding upon 

immobilization of His-NDM-1 via the His-tag, His-tag binding is unlikely. Furthermore, cross 

reactivity to another carbapenemase was not observed. Sequence dependence of binding was 

assessed by SPR with scramble control aptamer ConSc and by MST with unrelated control 

aptamer Con1. ConSc showed considerably lowered RU in SPR, and determination of kinetic 

parameters was not possible. In MST, no binding of Con1 to His-NDM-1 was observed. Thus, 

an aptamer with sequence dependent, moderate binding affinity to His-NDM1 but neither to 

the hexa-His peptide nor to another His-tagged carbapenemase was selected using the 

masking approach. As there are no well characterized ssDNA aptamers specifically binding to 
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NDM-1, NDM1-H14.2_43 may serve as a valuable probe for the detection of this highly 

prevalent and health hazardous carbapenemase. Truncations of the NDM-1 aptamer were 

designed and tested in an MTP-based sandwich assay but not yet kinetically characterized 

(see also 5.8.3). Kinetic characterization of the truncations is of future interest. Furthermore, 

probing cross reactivity to His-KPC-2 and other carbapenemases is another aspect that should 

be tested in the future. So far, cross reactivity was only tested for Ambler class C 

carbapenemase His-OXA-23.  

As an attempt to select for aptamers with higher affinity to NDM-1, a doped SELEX was 

performed, based in the NDM-1 aptamer NDM1-H14.2_Mask-43. Here, aptamer candidates 

NDM1-DSR4-04 and -16 were characterized by FLAA and SPR. KD-values were in a 

comparable range to NDM1-H14.2_Mask-43 (see also 5.9.2). Thus, NDM-1 specific aptamers 

with higher affinity to the target were not selected. However, future investigations may be 

conducted on whether a combination of NDM1-DSR4-04 and NDM1-H14.2_Mask-43, which 

have very little sequence similarity and may have different binding sites, is suitable for an 

aptamer-based sandwich assay. Furthermore, attempts to increase the aptamers affinities are 

of future interest. As discussed in section 3.6.4, the introduction of artificial nucleotides, like 

Clickmers or SOMAmers can be used to expand the chemical diversity of the 

nucleobases 69,101 and thereby potentially increase affinity. Site-directed mutagenesis is also a 

valuable tool to increase aptamer affinities 175. Finally, repetition of the doped SELEX with less 

stringent SELEX conditions or restarting the selection with more focus on target immobilization 

and application of the masking approach from the beginning may also result in the identification 

of more affine aptamers.  

6.3. Assay Development for Carbapenemase Detection 

Detection of carbapenemase producing CRE is important, especially for infection control and 

interventions. Methods developed for this purpose are multifaceted and include e.g., broth 

microdilution metallo-β-lactamase screen, gradient MIC strips, multidisc mechanism testing, 

modified hodge test, Carba NP test, carbapenemase inactivation method, MALDI-TOF mass 

spectrometry, (real-time) PCR, microarrays, whole genome sequencing, and antibody-based 

LFDs 33. While high complexity methods like real-time PCR, MALDI-TOF mass spectrometry 

and whole-genome sequencing deliver accurate results, they are not accessible for many 

users. Others, like the broth microdilution metallo-β-lactamase screen or gradient minimum 

inhibitory concentration strips require less equipment but are limited to a certain kind of 

carbapenemases 176,177. Phenotypic tests that detect carbapenemase activity like Carba NP 

test, the modified hodge test and carbapenemase inactivation method are easily accessible 

and suitable for detection of most carbapenemases 34. However, discrimination between 
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different types of carbapenemases cannot be facilitated. As discussed in sections 3.4 and 3.5, 

LFDs offer certain advantages for rapid, easy, and cost-effective on-site detection of 

carbapenemases. Various antibody-based LFDs for the detection of carbapenemases have 

been developed over the last years, including the commercially available multiplex LFDs 

NG-Test® CARBA-5 (NG-Biotech, Guipry-Messac, France), RESIST-5 K.O.N.V.I (Coris-Bio-

Concept, Gembloux, Belgium) and CP-5 (ERA-Bio, Pittsford, USA). All three tests can be used 

for the simultaneous detection of KPC, OXA-48-like, NDM, VIM and IMP type 

carbapenemases. The tests were tested for sensitivity by Bernabeu et al. and all reached 

sensitivities of > 89.9% 178. Thus, LFDs with high sensitivity have already been developed. Still, 

as discussed in section 3.6, aptamers display certain advantages over antibodies like high 

buffer stability, the ability to refold after denaturation and the lack of batch-to-batch 

variations 49. Accordingly, the development of aptamer-based detection methods for the rapid, 

easy, cost-efficient, and robust on-site detection of carbapenemases is still desirable. In this 

work, His-KPC-2- and His-NDM-1-binding aptamers (also referred to as His-KPC-2 and 

His-NDM-1 aptamers) were selected and characterized for affinity and specificity. These 

aptamers were suitable for an MTP-based aptamer-antibody sandwich assay (see also 5.4.5 

and 5.8.3) and implementation of His-KPC-2 aptamers into an aptamer-aptamer sandwich 

assay LFD was successful (see also 5.7). NG-Biotech published detection limits for the 

NG-Test® CARBA-5 LFD that were assessed with recombinantly expressed 

carbapenemases. Limits of detection were 600 pg/ml for the KPC type of carba-penemases, 

300 pg/ml for the OXA and the VIM type, 200 pg/ml for the IMP type and 150 pg/ml for the VIM 

type 179. Consequently, a comparison to the LFD developed in this work was possible (see also 

6.3.2).  

6.3.1. Carbapenemase-binding Aptamers in MTP-based Sandwich Assays 

His-KPC-2-binding aptamers were identified after SR14.1 (KPC2-H14-05) and after 

SR13.3_Mask (KPC2-H13.3_Mask-41, KPC2-H13.3_Mask-126). Binding to the His-tag was 

assessed and found to be unlikely (see also 5.4.5 and 5.6.3). Thus, the His-KPC-2 specific 

aptamers were tested as capture molecules in an MTP-based sandwich assay. Detection was 

facilitated by a His-tag binding antibody. His-KPC-2 detection was facilitated for all three 

aptamers. The MTP-based assay employing a His-tag-binding antibody as the detection probe 

is not clinically relevant. However, it further substantiated the His-tag independent binding of 

the His-KPC-2 aptamers and showed that the aptamers were suitable for capturing His-KPC-2 

in an MTP-based sandwich assay. Suitability for use as the detection molecule was tested for 

KPC2-H13.3_Mask-41 in an aptamer-aptamer sandwich assay format (see also 5.7 and 6.3.2). 
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Future research on whether the other two His-KPC-2 aptamer KPC2-H14-05 and 

KPC2-H13.3_Mask-126 also function as detection molecules should be conducted.  

For His-NDM-1, NDM1-H14.2_Mask-43 was used for sandwich assay development. Here, a 

clinically relevant assay was set up by using a NDM-1 specific antibody as the detection 

molecules (see also 5.8.3). An aptamer-antibody sandwich assay format can be developed if 

the aptamer and antibody have different binding sites. Sandwich assay formats are known for 

their high specificity and sensitivity due to the requirement of binding for two different binding 

molecules 180. In this work, signals derived from NDM1-H14.2_43 derivates as capture 

molecules and the NDM-1 specific antibody as the detection molecules exceeded those of an 

unrelated control aptamer. However, signals derived from the no aptamer control wells were 

only slightly lower than those derived from the NDM1-H14.2_43 derivates. As binding of the 

primary and secondary antibody was tested and excluded, non-specific binding of His-NDM-1 

to the SA-MTP is likely and may be partially responsible for the signals derived from the 

NDM1-H14.2_43 derivates. Nevertheless, when compared to the control aptamer, detection 

of 17 µg/ml His-NDM-1 was facilitated. As part of future investigations, the sandwich assay 

may be tested using a different immobilization matrix and a limit of detection may be 

determined. Moreover, future implementation into an LFD is of interest as a different support 

is used.  

6.3.2. The Implementation of His-KPC-2-binding Aptamers into an LFD 

The combination of the guanine rich aptamer KPC2-H14-05 and thymine and cytosine rich 

aptamer KPC2-H13.3_Mask-41 was tested by our project partner nal von minden GmbH (see 

also 5.7). Here, the detection of ≥ 2 µg/ml His-KPC-2 was facilitated resulting, to our best 

knowledge, in the first reported aptamer-aptamer sandwich LFD for the detection of KPC-2. 

Yet, the aptamer-based LFD needs to compete with antibody-based LFDs for the detection of 

KPC-2. The NG-Test® CARBA-5 from NG Biotech exhibits a detection limit, tested with 

purified, recombinant KPC-2 of 600 pg/ml. The detection limit of the antibody-based LFD 

exceeds that of our test by far. Using a test device with high detection limits may result in false 

negative results. However, testing of the aptamer-aptamer sandwich LFD on bacterial isolates 

as well as testing other combinations and the development of a NDM-1 specific LFD may be 

of interest for future investigations. 

6.4. Conclusions and Outlook 

Eleven selection rounds against His-KCP-2 and His-NDM-1 with varying amounts of negative 

selections inter alia against other His-tagged carbapenemases did not result in the identi-
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fication of carbapenemase-binding aptamers. Three consecutive rounds without negative 

selections against His-tagged carbapenemases resulted in the selection of highly affine His-tag 

aptamers. No NDM-1 and only one KPC-2 aptamer was identified. To facilitate selection of 

KPC-2 specific aptamers with more desirable binding features and to prohibit the selection of 

further His-tag aptamers three selection strategies were designed. Masking of the His-tag and 

competitive elution of His-tag-binding sequences with a truncated version of the previously 

selected His-tag aptamer KPC2-H14-01(01), and immobilization via the His-tag were tested. 

The masking approach turned out to be an appropriate strategy to select for His-KPC-2 

aptamers that likely did not bind the His-tag. Two His-KPC-2 aptamers were implemented into 

an LFD and ≥ 2µg/ml of recombinantly expressed His-KPC-2 were detected. To compete with 

antibody-based LFDs, the limit of detection needs to be improved. Here, improvement of the 

aptamers is desirable. However, proof of concept of an aptamer-based carbapenemase 

detection system was shown. 

Transfer of the masking approach to selection against His-NDM-1 resulted in the selection of 

the NDM-1 aptamer NDM1-H14.2_Mask-43. Kinetic data was assessed and cross reactivity to 

another His-tagged carbapenemase as well as to the hexa-His peptide was not detected. 

Sequence dependence of binding was shown. Thus, a strategy suitable for the selection of 

aptamers specifically binding to different carbapenemases while preventing His-tag binding is 

presented in this work. Furthermore, a NDM-1 aptamer was selected that may serve as a 

valuable tool for the detection of the prevalent and health hazardous carbapenemase NDM-1. 

A detection system based on this aptamer could potentially be used to contain transmission of 

carbapenem resistant bacteria and to facilitate appropriate treatment. However, the usability 

of NDM1-H14.2_Mask-43 is limited by its binding affinity in the high nanomolar to low 

micromolar range and the accompanying risk of false negative results. An attempt to increase 

aptamer affinity by performing doped SELEX failed to produce more affine binders. Yet, 

another aptamer with a dissociation constant comparable to NDM1-H14.2_Mask-43 was 

selected that showed low sequence similarity. Future attempts may focus on the further 

characterization of NDM1_DSR4-04 and the potential development of an aptamer-aptamer 

sandwich assay. Furthermore, other attempts to increase affinity, like the introduction of 

artificial nucleotides, e.g., Clickmers or SOMAmers, are conceivable even though synthesis 

costs may be elevated. Repeating doped SELEX with less stringent conditions or starting a 

new SELEX with more attention to target immobilization density and constant monitoring by 

NGS can also result in more affine aptamers.  

Finally, future investigations on structural features of the His-KPC-2 and NDM-1 aptamers are 

also of interest. Elucidation of the binding epitopes may prove His-tag independent binding. 

Moreover, testing the ability of the aptamers to inhibit carbapenemases, either by inhibition 
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assays or by localization of the binding epitopes, can serve to evaluate whether the aptamers 

have therapeutic potential as well.  
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7. Material 

Standard chemicals were purchased from Carl Roth GmbH + Co. KG, Karlsruhe, Germany or 

Merck KGaA, Darmstadt, Germany. 

7.1. Buffers and Reagents 

Buffers and reagents used for SELEX, PCR, other enzymatic reactions, gel electrophoresis 

and DNA purifications are specified in Table 8 and Table 9. 

Table 8: Buffers used in this work, their composition and providers. 

Buffer Formulation Provider 

5x GoTaq® Flexi 

Reaction Buffer 
Without MgCl2 

Promega GmbH, 

Walldorf, Germany 

10x Reaction Buffer (for 

Taq DNA Polymerase 

convenient) 

With 30 mM MgCl2 

Biozym Scientific 

GmbH, Hessisch 

Oldendorf, Germany 

5x Reaction Buffer (for 

S1 nuclease) 

200 mM sodium acetate (pH 4.5 at 

25 °C), 1.5 M NaCl and 10 mM ZnSO4. 

Thermo Fisher 

Scientific, Waltham, 

USA 

Lambda Exonuclease 

Reaction Buffer (10X) 

67 mM Glycine-KOH, 2.5 mM MgCl2, 

50 µg/ml BSA (pH 9.4 at 25°C) 

New England Biolabs, 

Inc, Ipswich, USA 

BP-TB 

20 mM Tris-HCl [pH 7.4], 140 mM 

NaCl, 5 mM MgCl2, 1 mM CaCl2, 

1 mM KCl, 0.1% [w/v] BSA, and 0.05% 

[v/v] Tween® 20 

Self-made 

BP-T 

20 mM Tris-HCl [pH 7.4], 140 mM 

NaCl, 5 mM MgCl2, 1 mM CaCl2, 1 mM 

KCl, and 0.05% [v/v] Tween® 20 

Self-made 

BP-T* 

20 mM Tris-HCl [pH 7.4], 140 mM 

NaCl, 5 mM MgCl2, 1 mM CaCl2, 1 mM 

KCl, and 0.005% [v/v] Tween® 20 

Self-made 

Buffer B 0.1 M sodium phosphate buffer, pH 8.5 Self-made 

Buffer C 3 M ammonium sulphate in Buffer B Self-made 

2x Binding/Wash buffer 
100 mM Sodium-Phosphate, pH 8.0, 

600 mM NaCl, 0.02% [v/v] Tween® 20 
Self-made 

2x Pulldown Buffer 
6.5 mM Sodium-phosphate, pH 7.4, 

140 mM NaCl, 0.02% [v/v] Tween® 20  
Self-made 

Citrate-HCl buffer 
0.1 M citric acid, 0.1 M Sodium citrate, 

pH 4.3 

Made by project 

partner 

Gold stabilization buffer Colloidal gold stabilizer (6 g), 50 ml dd 
Artron BioResearch 

Inc., Burnaby, Canada 
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ROTIPHORESE® 10x 

TBE-Buffer 

1 M Tris-Borat, and 20 mM EDTA, pH 

8.3. 

Carl Roth GmbH + 

Co. KG, Karlsruhe, 

Germany 

ROTI®Stock 10x PBS Phosphate buffered saline, pH 7.4 

Carl Roth GmbH + 

Co. KG, Karlsruhe, 

Germany 

1x PBS-T 
1:10 dilution of ROTI®Stock 10x PBS, 

0.005% [v/v] Tween® 20 
Self-made 

Denaturing PAA 

loading dye 

90% [v/v] formamide in 1x TBE with 

bromophenol blue  
Self-made 

Agarose loading dye 
60% [v/v] glycerol in 1x TBE with 0.4% 

[w/v] xylene cyanol blue 
Self-made 

(Agowa) Binding Buffer 

BL (acetate) 

No details available 
LGC Limited, 

Teddington, UK 

(Agowa) Wash buffer 

BN 2 

(Agowa) Elution Buffer 

BLM 

Table 9: Non-standard reagents used in this work. 

Reagent Provider 

GelStar™ Nucleic Acid Gel Stain Lonza Group, Basel, Switzerland 

1% EtBr in aqueous solution Merck KGaA, Darmstadt, Germany 

Quant-iT™ OliGreen™ Thermo Fisher Scientific, Waltham, USA 

1-Step Ultra TMB Thermo Fisher Scientific, Waltham, USA 

10x ROTI®Block 
Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

 

  



86 
 

7.2. Target Proteins, Enzymes and Antibodies 

Table 10: Proteins used as targets for SELEX and aptamer characterizations.

Target Protein Purification tag Provider 

His-NDM-1 

N-terminal His-tag Hölzel Diagnostica Handels 

GmbH, Köln, Germany 

His-KPC-2 

His-OXA-23 

CFHR1-His 
C-terminal His-tag 

mPD1-His Abcam plc., Cambridge, UK 

PAG No tag Supplied by project partner 

Hexa-His peptide No tag 
BIOTREND Chemikalien GmbH, 

Köln, Germany 

Table 11: Enzymes used for selection, enrichment assessment, library design and NGS preparation. 

Enzyme Provider 

GoTaq® G2 Flexi DNA 

Polymerase 
Promega GmbH, Walldorf, Germany 

Taq DNA Polymerase 

convenient 
Biozym Scientific GmbH, Hessisch Oldendorf, Germany 

S1 Nuclease Thermo Fisher Scientific, Waltham, USA 

Lambda Exonuclease New England Biolabs, Inc, Ipswich, USA 

Perfect Match Enhancer Agilent technologies, Inc., Santa Clara, USA 

Table 12: Antibodies used for ELISA and MTP-based sandwich assays.

7.3. DNA Ladders 

Table 13: DNA ladders used for gel electrophoresis. 

Ladder Provider 

25 bp DNA Step Ladder Promega GmbH, Walldorf, Germany 

50 bp DNA Ladder New England Biolabs, Inc, Ipswich, USA 

 

 Antibody Provider 

Mouse-anti-Penta-His-HRP Qiagen N.V., Venlo, Netherlands 

Rabbit-anti-blaNDM-1 IgG  Cusabio Technology LLC, Houston, USA 

Goat-anti-rabbit-IgG-HRP Merck KGaA, Darmstadt, Germany 



87 
 

7.4. Oligonucleotides 

Libraries were purchased from Ella Biotech GmbH (Fürstenfeldbruck, Germany). Unmodified forward and reverse as well as 5’-phosporylated 

reverse Primers were purchased from TIB Molbiol Syntheselabor GmbH (Berlin, Germany). Aptamer candidates including aptamers with 

modifications (5’-biotinylated, 5’-thio and 5’-Cy5) were ordered from biomers.net GmbH (Ulm, Germany) and Integrated DNA Technologies Inc 

(Coralville, USA). All oligonucleotides were synthesized by standard solid-phase DNA synthesis and purified either by HPLC or standard desalting. 

Sequences of oligonucleotides used in this work are listed in Table 14. 

Table 14: Names and sequences of oligonucleotides used in this work. Sequences are represented in 5’-3’ direction. The potential His-tag-binding motif is highlighted in red. 

Other motifs, identified for the different selection rounds (Appendix Table 6) are highlighted in green. 

Oligonucleotide Sequence 
Length 

[nt] 

Libraries 

Initial library  GTATCTGGTGGTCTATGG - N(44) - GCATAGACGACGAAGAAC 80 

Doped library 
GTATCTGGTGGTCTATGG - 66768586676558687868688886888588688885686566 - GCATAGACGACGAAGAA

C 
80 

Library 42 AGGTAGAGGAGCAAGCCATC - N(42) - GATGCGTGATCGAACCTACC 82 

Primers 

F44 GTATCTGGTGGTCTATGG 18 

R44 GTTCTTCGTCGTCTATGC 18 

Index01F AGATGTATCCTGTCTCTTGTATCTGGTGG 29 

Index01R GACTACTACCTGTCTCTTGTTCTTCGTCG 29 

Index02F AGATGTATCCTCTGTGTTGTATCTGGTGG 29 

Index02R GACTACTACCTCTGTGTTGTTCTTCGTCG 29 

Index03F AGATGTATCCTTATCTCTGTATCTGGTGG 29 

Index03R GACTACTACCTTATCTCTGTTCTTCGTCG 29 

Index04F AGATGTATCCTCGTGTTTGTATCTGGTGG 29 
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Index04R GACTACTACCTCGTGTTTGTTCTTCGTCG 29 

Index05F AGATGTATCCTTAGACGTGTATCTGGTGG 29 

Index05R GACTACTACCTTAGACGTGTTCTTCGTCG 29 

Index06F AGATGTATCCTCAGAGTTGTATCTGGTGG 29 

Index06R GACTACTACCTCAGAGTTGTTCTTCGTCG 29 

Extension Primer F CCTTGACGCCAGATGTATCC 20 

Extension Primer R GTATCCCGCTGACTACTACC 20 

Aptamer candidates 

KPC2-H11-01 GTATCTGGTGGTCTATGGGGCGGGGGGAAACGAACGGGGGGATGGATCTCCTGCGGGGTGCATAGACGACGAAGAAC 77 

KPC2-H11-03 GTATCTGGTGGTCTATGGGGAGGGGGGGCCTTTCATATCGGGGGGTGGTTCTGTGAGGGGAAGCATAGACGACGAAGAAC 80 

KPC2-H11-05 GTATCTGGTGGTCTATGGGGGGGGGAATTAACACTTGGGGGGCGGGTAACGACCTGTGGGGTGCATAGACGACGAAGAAC 80 

KPC2-H11-06 GTATCTGGTGGTCTATGGGCGGGGGCATCTGACTGAACTTCCGGGGGGTTGGTTACTGTGGGGCATAGACGACGAAGAAC 80 

KPC2-H11-12 
GTATCTGGTGGTCTATGGGGAGGGGGGGCCTTTCATATCGGGGGGTGGTTCTGTGAGGGGAAGCATAGACGACGAAGAACAGGCG

GGCATAGACGACGAAGAAC 
104 

KPC2-H11-14 
GTATCTGGTGGTCTATGGGCCGTAATGTATCTGGTGGTCTATGGGGCGGGGGGAAACGAACGGGGGGATGGATCTCCTGCGGGGT

GCATAGACGACGAAGAAC 
103 

KPC2-H11-18 
GTATCTGGTGGTCTATGGGGCGGGGGGAAACGAACGGGGGGATGGATCTCCTGCGGGGTGCATAGACGACGAAGAACAGGCGGGC

ATAGACGACGAAGAAC 
101 

NDM1-H11-01 GTATCTGGTGGTCTATGGCCCGGGTCAACCGTTCTTCTCGTTTCCGTTATTTTGTCTTCTATGCATAGACGACGAAGAAC 80 

NDM1-H11-02 GTATCTGGTGGTCTATGGCATAGACGACGAAGAACAGGACATTTTTGGTTTTTGGGTACTCCTCCGCATAGACGACGAAGAAC 83 

NDM1-H11-03 GTATCTGGTGGTCTATGGCGGAGGTGTTCTGAGTAGTCAGTTCAAGTCGCTTAATTTTCGGGGCATAGACGACGAAGAAC 80 

NDM1-H11-04 GTATCTGGTGGTCTATGGCACAGTGAAAATTCTTCGTCCCAATCTCTCTCTTCGACTCATATGCATAGACGACGAAGAAC 80 

NDM1-H11-05 GTATCTGGTGGTCTATGGGTCGTCTCTTTTTTGTTGTTTTTTTTTGGTTTCCCGTGCATAGACGACGAAGAAC 73 

NDM1-H11-06 GTATCTGGTGGTCTATGGCCCCGGAACCTTCGTCGATAGTTCTTCTCAACAGATACATTCCGGCATAGACGACGAAGAAC 80 

NDM1-H11-07 GTATCTGGTGGTCTATGGCGGGACGTCGTCTAACGGTTCTTCTCTTGTCCTTTTTTGTGTGTGCATAGACGACGAAGAAC 80 

NDM1-H11-08 GTATCTGGTGGTCTATGGCGGCGATAACAAAAAAAAAAACAAATTTGCTGTATCTGGTGGTCTATGGCATAGACGACGAAGAAC 84 

NDM1-H11-26 GTATCTGGTGGTCTATGGCGAGGGGTGAGCTAAAAAAAAAAAAAAATGTCCACGTCGTGGGGGGCATAGACGACGAAGAAC 81 

KPC2-H14-01(01) GTATCTGGTGGTCTATGGCGTCATAGGTACCATGGGGGACTGCTCGGGATTGCGGATTCATGGCATAGACGACGAAGAAC 80 

KPC2-H14-02 GTATCTGGTGGTCTATGGCATAGACGACGAAGAACAGATCACCAGATACCCAGATACGGCATAGACGACGAAGAAC 76 
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NDM1-H14-02(04) GTATCTGGTGGTCTATGGCCAGTATGGCTGTTCAAGTCTTCAGAGGGTCTGCTCGGGATTGCGCATAGACGACGAAGAAC 80 

KPC2-H14-03 GTATCTGGTGGTCTATGGGCGGGGGCATCTGACTGAACTTCCGGGGGGTTGGCTACTGTGGGGCATAGACGACGAAGAAC 80 

NDM1-H14-03 GTATCTGGTGGTCTATGGCATAGACGACGAAGAACAGGACATTTTTGGTTTTTGGGTACTCCTCCGCATAGACGACGAAGAAC 83 

NDM1-H14-04(06) GTATCTGGTGGTCTATGGCATAGACGACGAAGAACAGCCGCAAAAAATAAAAGCCTAACGAGGGGCATAGACGACGAAGAAC 82 

KPC2-H14-05 GTATCTGGTGGTCTATGGGGCGGGGGGAAACGAACGGGGGGATGGATCTCCTGCGGGGTGCATAGACGACGAAGAAC 77 

NDM1-H14-05(12) GTATCTGGTGGTCTATGGCCCCGGAACCTTCGTCGATAGTTCTTCTCAACAGATACATTCCGGCATAGACGACGAAGAAC 80 

NDM1-H14-06(14) GTATCTGGTGGTCTATGGCATAGACGACGAAGAACAACAAAAAGAGCGAACAAATCGGGGCTGGTGGGCATAGACGACGAAGAAC 85 

KPC2-H14-07 GTATCTGGTGGTCTATGGGGAGGGGGGGCCTTTCATATCGGGGGGTGGTTCTGTGAGGGGAAGCATAGACGACGAAGAAC 80 

NDM1-H14-07 GTATCTGGTGGTCTATGGCATAGACGACGAAGAACAGGCGGGCATAGACGACGAAGAACAGGCGGGCATAGACGACGAAGAAC 83 

KPC2-H14-08 
GTATCTGGTGGTCTATGGCGTCATAGGTACCATGGGGGACTGCTCGGGATTGCGGATTCATGGCATAGACGACGAAGAACAGATC

ACCAGATACCCAGATACGGCATAGACGACGAAGAAC 
121 

KPC2-H14-09(39) GTATCTGGTGGTCTATGGCATAGACGACGAAGAACAATAAGGGGCAAATCTATTTAATTGGGGAGAGCATAGACGACGAAGAAC 84 

NDM1-H14-09(10) GTATCTGGTGGTCTATGGCATAGACGACGAAGAACACTAACACGTTTTTTTACCTTATACTTGCGGGCATAGACGACGAAGAAC 84 

NDM1-H14-10(13) GTATCTGGTGGTCTATGGCGGCGATAACAAAAAAAAAACAAATTTGCTGTATCTGGTGGTCTATGGCATAGACGACGAAGAAC 83 

NDM1-H14-12(20) GTATCTGGTGGTCTATGGCATAGACGACGAAGAACAGTGTATCTGGTGGTCTATGGCATAGACGACGAAGAAC 73 

KPC2-H14-15(18) GTATCTGGTGGTCTATGG CCCGGGTCAACCGTTCTTCTCGTTTCCGTTATTTTGTCTTCTATGCATAGACGACGAAGAAC 81 

NDM1-H14-17 GTATCTGGTGGTCTATGGCGGAGGTGTTCTGAGTAGTCAGTTCAAGTCGCTTAATTTTCGGGGCATAGACGACGAAGAAC 80 

KPC2-H14-18(25) GTATCTGGTGGTCTATGGCAAACGTTCTGAGTTAGGCTTATTTTTCTCTCTTCCCTTCGCCGCATAGACGACGAAGAAC 79 

KPC2-H14-19 
GTATCTGGTGGTCTATGGCATAGACGACGAAGAACACATAGACGACGAAGAACACCAGATACCCAGATACGCATAGACGACGAAG

AAC 
88 

KPC2-H14-01(01)-F CGTCATAGGTACCATGGGGGACTGCTCGGGATTGCGGATTCATGGCATAGACGACGAAGAAC 62 

KPC2-H14-01(01)-R GTATCTGGTGGTCTATGGCGTCATAGGTACCATGGGGGACTGCTCGGGATTGCGGATTCATG 62 

KPC2-H14-01(01)-FR CGTCATAGGTACCATGGGGGACTGCTCGGGATTGCGGATTCATG 44 

KPC2-H14-08-FR CGTCATAGGTACCATGGGGGACTGCTCGGGATTGCGGATTCATGGCATAGACGACGAAGAACAGATCACCAGATACCCAGATACG 85 

KPC2-H13.3_Mask-04 GTATCTGGTGGTCTATGGCATAGACGACGAAGAACAGGCGGGCATAGACGACGAAGAACAGGCGGGCATAGACGACGAAGAAC 83 

KPC2-H13.3_Mask-16 GTATCTGGTGGTCTATGGCCGCCGAAATTTCATGAATCCGTATTTTCTTAACCTCTTTCTCCGCATAGACGACGAAGAAC 80 

KPC2-H13.3_Mask-18 GTATCTGGTGGTCTATGGCGGAGGTGTTCTGAGTAGTCAGTTCAAGTCGCTTAATTTTCGGGGCATAGACGACGAAGAAC 80 

KPC2-H13.3_Mask-41 GTATCTGGTGGTCTATGGCCGCATAATCGTTTCGTTCTCTCTTTTCTTTCTTTTCTCCCACCGCATAGACGACGAAGAAC 80 

KPC2-H13.3_Mask-47 GTATCTGGTGGTCTATGGCGAGAAAAGTTCTGTCGTCTAAAAAGTTCTTGTCGTAATTCGGGGCATAGACGACGAAGAAC 80 
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KPC2-H13.3_Mask-49 GTATCTGGTGGTCTATGGCATAGACGACGAAGAACATGAAAGAGGTGTGGGGGTAAAACGGTCACGAGCATAGACGACGAAGAAC 85 

KPC2-H13.3_Mask-65 GTATCTGGTGGTCTATGGCACACGCTAAAAGGAAATTAGAAGTCGTCTTGTATCTGGTGGTCTATGGCATAGACGACGAAGAAC 84 

KPC2-H13.3_Mask-69 GTATCTGGTGGTCTATGGCGCCGAAAAAATTCACTATTACACAGATACGCACCAGATTTACAGCATAGACGACGAAGAAC 80 

KPC2-H13.3_Mask-74 GTATCTGGTGGTCTATGGCATAGACGACGAAGAACACCATATACATCAGATACCCAGATACAGCATAGACGACGAAGAAC 80 

KPC2-H13.3_Mask-76 GTATCTGGTGGTCTATGGCATAGACGACGAAGAACATTGCTCGTTTAAAAAAAAAAAATCTTACTCCGCATAGACGACGAAGAAC 85 

KPC2-H13.3_Mask-94 GTATCTGGTGGTCTATGGCATAGACGACGAAGAACAACAAAAAGAGCGAACAAATCGGGGCTGGTGGGCATAGACGACGAAGAAC 85 

KPC2-H13.3_Mask-108 GTATCTGGTGGTCTATGGCCAAAACAAAGAGTATAAACAGGGGGAGTGTATCTGGTGGTCTATGGCATAGACGACGAAGAAC 82 

KPC2-H13.3_Mask-110 GTATCTGGTGGTCTATGGCGCAAAGGGACATATAACTCATAGTCGTCTGTATCTGGTGGTCTATGGCATAGACGACGAAGAAC 83 

KPC2-H13.3_Mask-126 GTATCTGGTGGTCTATGGCGGCTTCTTCGAGTCCTTCCTTTTTTCCTTTTTTGTGTTTTTGTGCATAGACGACGAAGAAC 80 

KPC2-H13.3_Mask-151 GTATCTGGTGGTCTATGGCGCAAAATGTCTCTTCGTTAGTATATTCATGTATCTGGTGGTCTATGGCATAGACGACGAAGAAC 83 

KPC2-H13.3_Mask-163 GTATCTGGTGGTCTATGGCCCGCAAAGGAGTCTATTATGGATCGTTCGCTGTATCTGGTGGTCTATGGCATAGACGACGAAGAAC 85 

KPC2-H13.3_Mask-201 GTATCTGGTGGTCTATGGCGCAGTGTTCGATGAGAGTCATTCAAAGCATGTATCTGGTGGTCTATGGCATAGACGACGAAGAAC 84 

KPC2-H13.3_Mask-212 GTATCTGGTGGTCTATGGCATAGACGACGAAGAACACTTCCTTACTTTTTTTCCTTGGACGCGGCATAGACGACGAAGAAC 81 

KPC2-H13.3_Mask-294 
GTATCTGGTGGTCTATGGCCAAGGGAGGAAGATGAAGATCATAATAAATGTGTATCTGGTGGTCTATGGCATAGACGACGAAGAA

C 
86 

NDM1-H14.2_Mask-04 GTATCTGGTGGTCTATGGCATAGACGACGAAGAACAATGAAACCCAATCCCTCTCCCCTTCGCCGCATAGACGACGAAGAAC 82 

NDM1-H14.2_Mask-08 GTATCTGGTGGTCTATGGCCCCGGAACCTTCGTCGATAGTTCTTCTCAACAGATACATTCCGGCATAGACGACGAAGAAC 80 

NDM1-H14.2_Mask-12 GTATCTGGTGGTCTATGGCCCCGTACCTATGACGCGCTTTTCTTTTTCTTATCTTTCCTTGTGCATAGACGACGAAGAAC 82 

NDM1-H14.2_Mask-16 GTATCTGGTGGTCTATGGCCAACGAGAATCGGCAATCCTTAAACTGTGTATCTGGTGGTCTATGGCATAGACGACGAAGAAC 76 

NDM1-H14.2_Mask-17 GTATCTGGTGGTCTATGGCATAGACGACGAAGAACAACCTTGAATCCAATTATCCCCAGCATAGACGACGAAGAAC 80 

NDM1-H14.2_Mask-19 GTATCTGGTGGTCTATGGCCAAAATCCATCAATCCCGTTTTCATGTGCTCCGCTTACTCTTCGCATAGACGACGAAGAAC 78 

NDM1-H14.2_Mask-22 GTATCTGGTGGTCTATGGCATAGACGACGAAGAACAGACCACTTATTTAATCCCACCCAGGCATAGACGACGAAGAAC 80 

NDM1-H14.2_Mask-25 GTATCTGGTGGTCTATGGCCAGACTACTTTCAAAAACCAGACCATTTCATTTTAGTAAATCCGCATAGACGACGAAGAAC 80 

NDM1-H14.2_Mask-29 GTATCTGGTGGTCTATGGCCAACAAATACAATTAACATGAAGCCGCCCTGTTTTTTCCTTCCGCATAGACGACGAAGAAC 80 

NDM1-H14.2_Mask-34 GTATCTGGTGGTCTATGGCCAAGAATCCATCATATCTCCAATCCCAAGCTTTTATTTACTCAGCATAGACGACGAAGAAC 80 

NDM1-H14.2_Mask-35 GTATCTGGTGGTCTATGGCCACAACATGAATCCGTTTCTAATTCCTTTTACCTTTTCTCTCAGCATAGACGACGAAGAAC 80 

NDM1-H14.2_Mask-38 GTATCTGGTGGTCTATGGCAAGGGCGTTCTTCATCGGTTCTTCTCACATTTTCCTCCCACCAGCATAGACGACGAAGAAC 80 

NDM1-H14.2_Mask-39 GTATCTGGTGGTCTATGGCGGAGGTCTAAAAAAAAAAAAACGCAATCCTATCTCATAATCCGCATAGACGACGAAGAAC 79 

NDM1-H14.2_Mask-41 GTATCTGGTGGTCTATGGCGCTAGTTCTTCGCATCATTCCGCTTCCTTTCTTCTCCTTCTCCGCATAGACGACGAAGAAC 80 
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NDM1-H14.2_Mask-42 GTATCTGGTGGTCTATGGCATAGACGACGAAGAACACTACCCGCAAATTTTCACTGTAATCCGCATAGACGACGAAGAAC 80 

NDM1-H14.2_Mask-43 GTATCTGGTGGTCTATGGCCGCTATCCGCAATCTGTCTCTTTTCTTTATTCTTTTACTCACCGCATAGACGACGAAGAAC 80 

NDM1-H14.2_Mask-44 GTATCTGGTGGTCTATGGCATAGACGACGAAGAACATGAATGATCAACTAAGGGATAGCAATCTCGGCATAGACGACGAAGAAC 84 

NDM1-H14.2_Mask-49 GTATCTGGTGGTCTATGGGCCCGGACTAAAAATCAAAATCATATCGACCGCAATCCCTTTCCGCATAGACGACGAAGAAC 80 

NDM1-H14.2_Mask-50 GTATCTGGTGGTCTATGGCGCATCCCTATCCCGTCTCTTTTTGTATTTTTATTTTTGTTTCCGCATAGACGACGAAGAAC 80 

NDM1-H14.2_Mask-43-

F 
CCGCTATCCGCAATCTGTCTCTTTTCTTTATTCTTTTACTCACCGCATAGACGACGAAGAAC 62 

NDM1-H14.2_Mask-43-

R 
GTATCTGGTGGTCTATGGCCGCTATCCGCAATCTGTCTCTTTTCTTTATTCTTTTACTCACC 62 

NDM1-H14.2_Mask-43-

FR 
CCGCTATCCGCAATCTGTCTCTTTTCTTTATTCTTTTACTCACC 44 

NDM1_DSR4_01 GTATCTGGTGGTCTATGGCGCAGTGTTCGATGAGAGTCATTCAAAGCATGTATCTGGTGGTCTATGGCATAGACGACGAAGAAC 84 

NDM1_DSR4_04 GTATCTGGTGGTCTATGGCACACGCTAAAAGGAAATTAGAAGTCGTCTTGTATCTGGTGGTCTATGGCATAGACGACGAAGAAC 84 

NDM1_DSR4_16 GTATCTGGTGGTCTATGGCCGCATAATCGTTTCGTTCTCTCTTTTCTTTCTTTTCTCCCACCGCATAGACGACGAAGAAC 80 

NDM1_DSR4_09 GTATCTGGTGGTCTATGGGCACGCAACATTTTCGTCGTTACATCTCGTTGTATCTGGTGGTCTATGGCATAGACGACGAAGAAC 84 

NDM1_DSR4_06 GTATCTGGTGGTCTATGGCGAGAAAAGTTCTGTCGTCTAAAAAGTTCTTGTCGTAATTCGGGGCATAGACGACGAAGAAC 80 

NDM1_DSR4_74 GTATCTGGTGGTCTATGGCGGCTTCTTCGAGTCCTTCCTTTTTTCCTTTTTTGTGTTTTTGTGCATAGACGACGAAGAAC 80 

Con1 GGGAATTCGAGCTCGGTACCGGCTGCTTTGCTGCAGATTTGTGGGTGGGTGGGTGGTGATCTGCAGGCATGCAAGCTTGG 80 

ConSc TTATAACCGGTTATACTGGTTGTTCCTAGATGCTTCATGATGCCCAACCTTTGTCCCTGGCCCTGACATGTTTCGACTAA 80 
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7.5. Immobilization Matrices and Purification Beads 

Immobilization matrices were used for target immobilization throughout selection, DNA 

purification, aptamer characterization and for the development of an aptamer-based 

sandwich LFD. Immobilization matrices used in this work can be found in Table 15. 

Table 15: Immobilization matrices used in this work. 

Matrix Specifications Provider 

Beads 

Dynabeads™ M-280 Tosylactivated Thermo Fisher Scientific, 

Waltham, USA Dynabeads™ His-Tag Isolation and Pulldown 

sbeadex particle suspension (Agowa Beads) 
LGC Limited, Teddington, 

UK 

MTPs 

Pierce™ Streptavidin Coated High-Capacity 

Plates, Clear, 96-Well 

Thermo Fisher Scientific, 

Waltham, USA 

Greiner Bio-One FLUOTRAC™ High Binding 

96-well Polystyrene Microplates 

Pierce™ Nickel Coated Plates, Black, 

96-Well 

Sensor chip SPR Sensor Chips HC200M 
GE healthcare, Chicago, 

USA 

LFD 

Unisart® CN140 Nitrocellulose Membrane 
Sartorius AG, Göttingen, 

Germany 

300 * 60 mm , SMA 31.25 backing bard 
Kinbio Tech.Co.,Ltd, 

Shanghai, China 

300 * 24 mm , Polyester 6613 sample pad Ahlstrom-Munksjö Oyj, 

Hellsinki, Finland 300 * 17 mm , 222 absorbant pad 

MK001, Hangzhou D2 test cassette 
Hangzhou Jinyee Biotech. 

Co., Ltd, Hangzhou, China 

7.6. Kits 

Kits were used for DNA purifications, protein quantifications, activity assessment and library 

preparation as well as sequencing. Kits used in this work can be found in Table 16. 

Table 16: Commercial kits used for DNA purification, protein quantification, activity assessment and NGS.

Kit Usage Provider 

MinElute PCR Purification Kit DNA purification Qiagen N.V., Venlo, Netherlands 

Micro BCA™ 

Protein-Assay-Kit 

Protein 

quantification 

Thermo Fisher Scientific, Waltham, 

USA 

TruSeq DNA Nano Library preparation 
Illumina, Inc., San Diego, USA 

Mini Seq Mid Output Kit Sequencing 

RAPIDEC® CARBA NP 
Carbapenemases 

activity assessment 
bioMérieux, Marcy-l'Étoile, France 
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7.7. Devices, Consumables, and Software 

Table 17: Devices used in this work. 

Device Type Provider 

Robotic workstation KingFisher™ Duo Prime 
Thermo Fisher Scientific, 

Waltham, USA 

Robotic workstation Biosprint 15 
Qiagen N.V., Venlo, 

Netherlands 

PCR cycler 
Biometra TAdvanced Analytik Jena GmbH, Jena, 

Germany Biometra TRIO 

UV/Vis Spectrometer NanoPhotometer® NP80 
Implen GmbH, München, 

Germany 

Fluorometer Qubit 4 
Thermo Fisher Scientific, 

Waltham, USA 

Gel documentation device 

with UV transilluminator 
Biometra BioDoc Analyze 

Analytik Jena GmbH, Jena, 

Germany 

Agarose gel chambers  

Model B1 and B1A 

EasyCast™ Mini Gel 

Electrophoresis System 

Thermo Fisher Scientific, 

Waltham, USA 

PAGE gel system 
Miniprotean ® 3 Cell 

System 

Bio-Rad Laboratories, Inc., 

Hercules, USA 

SpeedVac vacuum 

concentrator  

Pellet drying after DNA 

precipitation 

Thermo Fisher Scientific, 

Waltham, USA 

Thermomixer Thermomixer C 

Eppendorf, Hamburg, Germany 
Centrifuge 

5427R 

miniSpin 

Sequencing system MiniSeq™ Illumina, Inc., San Diego, USA 

Microplate multimode 

reader 

Mithras² LB 943 
Berthold Technologies GmbH & 

Co. KG, Bad Wildbad, Germany 

EnVision® 2105 
PerkinElmer Inc., Waltham, 

USA 

SPR device Biacore™ T200 facility 
GE healthcare Bio Sciences 

AB, Uppsala, Sweden 

MST device Monolith NT.115 
NanoTemper Technologies, 

Munich, Germany 

Dispensing workstation BioDot XYZ 3050 BioDot Inc, Irvine, USA 

LFD analysis card gold color card 
Assure Tech.(Hangzhou) Co., 

Ltd, Hangzhou, China 

 

Consumables for standard laboratory use were purchased from Sarstedt AG & Co. KG, 

Nümbrecht, Germany and Biozym Scientific GmbH, Hessisch Oldendorf, Germany. Consu-

mables used for the robotic workstations were purchased from Thermo Fisher Scientific, 

Waltham, USA, and MST capillaries were purchased from NanoTemper Technologies, 

Munich, Germany. Consumable used for NGS were purchased from Illumina, Inc., San Diego, 

USA. 
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Table 18: Software used in this work. 

Software Usage  Provider / URL 

Random DNA 

Sequence 

Generator 

Primer design 

Morris Maduro, University of California, 

Riverside, USA, 

http://www.faculty.ucr.edu/mmaduro/random.htm 

OligoAnalyzer™ 

Tool 
Primer evaluation 

Integrated DNA Technologies, Inc., Coralville, 

USA  

BioDoc Analyze 

software (version 

2.2) 

Gel 

documentation 
Analytik Jena GmbH, Jena, Germany 

Sequence 

Manipulation Suite 

– Shuffle DNA 

Design of 

scramble control 

Paul Stothard, University of Alberta, Canada, 

https://www.bioinformatics.org/sms2 

/shuffle_dna.html 

AptaAnalyzer™-

SELEX 

NGS data 

evaluation 
AptaIT GmbH, Planegg, Germany 

MO.Control 

software 

MST 

measurement 
NanoTemper Technologies, Munich, Germany 

MO.Affinity 

Analysis Software 

Evaluation of MST 

measurments 

Biacore™ T200 

control software 

SPR 

measurements 
GE healthcare Bio Sciences AB, Uppsala, 

Sweden 
BIAevaluation 

software (version 

3.1) 

Evaluation of 

SPR-Experiments 

EnVision Manager 

1.14.3049.1193 
Microplate 

multimode reader 

measurements 

PerkinElmer Inc., Waltham, USA 

MikroWin 2000  
Berthold Technologies GmbH & Co. KG, Bad 

Wildbad, Germany 

NanoPhotometer® 

software 

UV/Vis 

measurements 
Implen GmbH, München, Germany 

Expasy 

Compute pI, 

molecular weight, 

and extinction 

coefficients 

SIB Swiss Institute of Bioinformatics, 

https://www.expasy.org/ 

ChemSketch 

(freeware) 

Draw chemical 

structures 

Advanced Chemistry Development, inc., 

Toronto, Canada 

Origin® 2019 

Create figures 

OriginLab Corporation, Northampton, USA 

CorelDRAW® 

2019 
Cascade Parent Ltd., Ottawa, Canada 

PyMOL version 

2.1 

Protein structure 

visualization 

DeLano Scientific LLC, Schrödinger Inc., New 

York City, USA  
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8. Methods 

8.1. Target and Nucleic Acid Preparation 

8.1.1. RAPIDEC® CARBA NP test 

The RAPIDC® CARBA NP test exploits the pH shift upon hydrolysis of the carbapenemase 

substrate impenem. The test consists of five chambers (a – e). Chamber a contains phenol 

red as a pH indicator. Chamber b contains a turbidity control and chamber c contains a lysis 

buffer. Chamber d is the control without impenem, and chamber e contains the substrate 

impenem as well as zinc which is required for the activity of metallo-dependent 

carbapenemases. Solutions from chambers a and c are added to chambers d and e for activity 

assessment. In this work, RAPIDEC® CARBA NP test was used for activity testing of 

N-terminally His-tagged carbapenemases His-KPC-2, His-NDM-1 and His-OXA-23. The test 

was conducted following the manufacturer’s instructions 181 with the exception that instead of 

a picked bacterial colony, 1 µg of purified carbapenemase solution or 0.6 - 0.9 µg of 

carbapenemases coupled to Dynabeads™ M-280 Tosylactivated were added to chamber c. 

Incubation was performed at 37 °C for 80 min. Activity was assessed by a color change from 

red to orange or yellow. 

8.1.2. Immobilization of Proteins on Magnetic Beads 

The immobilization of target and negative selection target proteins on magnetic beads 

throughout SELEX facilitates separation of bound from unbound sequences without the need 

for intermediate steps like centrifugation or filtration 182. In this work, His-tagged carba-

penemases or unrelated His-tagged proteins were immobilized on Dynabeads™ M-280 

Tosylactivated. His-KPC-2 was also immobilized on Dynabeads™ His-Tag Isolation and 

Pulldown. 

Immobilization on Dynabeads™ M-280 Tosylactivated 

Dynabeads™ M-280 Tosylactivated are magnetic beads that carry reactive p-toluene-sulfonyl 

(Tosyl) groups on their surfaces. Tosylgroups react with primary amines or sulfhydryl groups 

and form a covalent linkage 183. 

a. Immobilization in Buffer B 

Carbapenemases His-KPC-2, His-NDM-1 and His-OXA-23 as well as C-terminally His-tagged 

proteins mPD1-His and CFHR1-His were immobilized on Dynabeads™ M-280 Tosyl-activated. 

Proteins were coupled in a ratio of 10 µg protein to 1 mg beads. Coupling reactions were 

prepared in a total volume of 160 µl in Buffer B. Prior to addition of the beads, 10 µl were set 
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aside for quantification by the BCA method. Upon addition of the beads, the remaining coupling 

reaction was incubated at 37°C overnight using a rotator. The next day, the supernatant was 

removed, 10 µl of the supernatant were set aside for quantification, beads were washed thrice 

and stored in 1x PBS-T in the volume that was equivalent to the volume of beads used in the 

beginning.  

b. Immobilization in Buffer C 

As the first coupling attempt of His-OXA-23 in Buffer B failed, coupling was tried again in 

Buffer C. Since the 3 M ammonium sulfate contained in Buffer C interferes with the BCA 

measurement for protein quantification, the A280 methods was used for subsequent protein 

quantification. Therefore, higher concentrations of His-OXA-23 had to be used in the coupling 

reaction to make sure protein concentrations prior to and after coupling were quantifiable. 

Here, 20 µg His-OXA-23 per mg beads were used in a total volume of 160 µl. Further coupling 

steps were preceded as described for immobilization in Buffer B.  

Immobilization on Dynabeads™ His-Tag Isolation and Pulldown 

Immobilization on Dynabeads™ His-Tag Isolation and Pulldown is based on the non-covalent 

interaction of polyhistidine with cobalt-based IMAC chemistry on the beads’ surface 184. In this 

work His-KPC-2 was coupled to Dynabeads™ His-Tag Isolation and Pulldown throughout 

SR11.2_ Co2+-NTA - 14.2_ Co2+-NTA. Here, His-KPC-2 was coupled in a ratio of 10 µg protein 

to 250 mg beads. Coupling reactions were prepared in a total volume of 87 µl in 

1x Binding/Wash buffer. Prior to addition of the beads, 10 µl were set aside for quantification 

by the BCA method. Upon addition of the beads, the remaining coupling reaction was 

incubated for 10 min on a roller at room temperature. Supernatant was removed and 10 µl 

were set aside for quantification. Beads were washed thrice with 1x Binding/Wash buffer and 

stored in 3.2x the volume of beads used in the beginning in 1x Pulldown buffer. 

8.1.3. Quantification of Coupling Efficiency 

BCA Method 

Protein concentrations were determined in the supernatant prior to and after coupling to 

different magnetic beads by the BCA method. Bichinonic acid (BCA), as its water-soluble 

sodium salt, is a reagent specific for Cu+. Proteins that are incubated with an alkaline solution 

containing Cu2+ ions can form complexes with the copper ions which are then reduced to Cu+. 

Two BCA molecules form a purple-colored complex with one Cu+ ion that absorbs light at a 

wavelength of 562 nm 185. As the amount of reduced Cu2+ is proportional to the amount of 

protein in the solution, a calibration series can be used to quantify a known protein in a solution. 
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In this work, BCA assay was performed using the Micro BCA™ Protein assay kit. A calibration 

series was prepared from stock solutions of the proteins that was to be quantified with six 

concentrations ranging from 0 - 100 ng. Micro BCA™ Protein assay reagents were prepared 

as follows: 25 parts of Micro reagent A were mixed with 24 parts of Micro reagent B and 1 part 

of Micro reagent C. 10 µl of the Micro BCA™ Protein assay reagent mixture was added to 10 µl 

of protein solution prior to beads coupling, supernatant after beads coupling as well as to each 

calibration solution. The reactions were incubated for 1 h at 60°C and 350 rpm. Subsequently 

absorption was measured at 562 nm using IMPLEN NP80 Nanophotometer®. A calibration 

curve as well as protein concentrations in ng/µl prior to and after beads coupling were 

calculated by NanoPhotometer® Software. 

A280 Method 

The A280 method makes use of the intrinsic light absorbance by the amino acids tryptophan 

and tyrosine, as well as by disulfide bonded cystine residues. The method is less sensitive 

than the BCA method. However, pretreatment of the samples is not required. According to the 

amount of absorbing amino acids, a molecular extinction coefficient (Emolar) can be calculated 

for native proteins measured at 280 nm in water 186. 

𝐸𝑚𝑜𝑙𝑎𝑟 [𝑀−1𝑐𝑚−1] = 𝑛(𝑇𝑟𝑝) ∗ 5500 𝑀−1𝑐𝑚−1 + 𝑛(𝑇𝑦𝑟) ∗ 1490  𝑀−1𝑐𝑚−1 + 

 𝑛(𝐶𝑦𝑠𝑡𝑖𝑛𝑒) ∗ 125  𝑀−1𝑐𝑚−1 
(3) 

 

With Emolar and the molecular weight of a specific protein, the theoretical absorption of a 

1 mg/ml solution at 280 nm (A0.1%) can be calculated. 

 
𝐴0.1% [

𝑙

𝑔
] =  

𝐸𝑚𝑜𝑙𝑎𝑟 [𝑀−1𝑐𝑚−1] ∗  𝐿 [𝑐𝑚]

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 [𝑔 ∗  𝑚𝑜𝑙−1]
, 𝑤𝑖𝑡ℎ 𝐿 = 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ (4) 

 

Assuming a path length of 1 cm, the protein concentration can then be calculated as  

 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 [

𝑔

𝑙
] =  

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐴280

𝐴0.1%[𝑙 ∗ 𝑔−1]
. (5) 

 

For quantification of His-OXA-23, its molecular weight , Emolar as well as A0.1% were calculated 

as 31801.71 g/mol, 43430 M-1 cm-1 and 1.370 l * g-1 using the ExPASy tool ProtParam 187. 

Calculation was carried out under the assumption that all cysteine residues are reduced. 

Absorption was measured at 280 nm using IMPLEN NP80 Nanophotometer®. Buffer C was 

used for blank measurement. Protein concentrations in ng/µl prior to and after beads coupling 

were calculated by NanoPhotometer® Software.  
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Calculation of Coupling Efficiency 

The concentration of protein bound to the beads as well as the coupling efficiency were further 

calculated independent of the protein quantification strategy as follows: 

∆ 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [
𝑛𝑔

µ𝑙
] = 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑖𝑜𝑟 𝑡𝑜 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 − 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑓𝑡𝑒𝑟 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 (6) 

 

 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [
𝑝𝑚𝑜𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛

µ𝑙 𝑏𝑒𝑎𝑑𝑠
] =  𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [

µ𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛

µ𝑙 𝑏𝑒𝑎𝑑𝑠
] ∗  

1

𝑀𝑊(𝑝𝑟𝑜𝑡𝑒𝑖𝑛)[𝑘𝐷𝑎]
∗ 1000 (8) 

 

 
𝐶𝑜𝑢𝑝𝑙𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = (100 −  

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑓𝑡𝑒𝑟 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑖𝑜𝑟 𝑡𝑜 𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔
) ∗ 100 (9) 

 

8.1.4. Enzyme-linked Immunosorbent Assay (ELISA)  

ELISA exploits the specific binding of an antibody to its antigen. For ELISA, enzyme-labeled 

antibodies or antigens are used to generate a detectable signal 188. Horse radish peroxidase 

(HRP) is a widely used enzyme label in immunoassays. It catalyzes the following general redox 

reaction, 

 𝑆𝑢𝑏𝐻2 (𝑟𝑒𝑑) + 𝐻2𝑂2  → 𝑆𝑢𝑏 (𝑂𝑥) + 2 𝐻2𝑂 (10) 

 

with Sub = substrate molecule. A possible chromogenic substrate for HRP is 3,3’,5,5’-tetra-

methylbenzidine (TMB). Its reaction with H2O2 in the presence of HRP results in a colored 

product. After stopping the reaction with H2SO4, absorbance can be measured at 450 nm 189. 

In this work, first immobilizations of His-NDM-1 and His-KPC-2 on Dynabeads™ M-280 

Tosylactivated were further verified by ELISA. Here, a HRP-labeled mouse-anti-Penta-His 

antibody was used for detection of the His-tagged proteins. 0.27 mg of either uncoupled beads, 

beads theoretically coupled to 0.86 pmol His-NDM-1 or beads theoretically coupled to 2.8 pmol 

His-KPC-2 were washed thrice with 800 µl PBS-T, using a robotic workstation. Beads were 

transferred into a new strip and incubated with 100 µl of the HRP-labeled anti-His antibody, 

diluted 1:600 in 1x ROTI®Block solution for 30 min. Subsequently, beads were washed thrice 

with PBS-T and transferred to 100 µl of 1-Step Ultra TMB. After approximately 5 min of color 

reaction, the reaction was stopped with 50 µl 2 M H2SO4, strips were placed on a magnet and 

 
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [

µ𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛

µ𝑙 𝑏𝑒𝑎𝑑𝑠
] =  

∆ 𝑐𝑜𝑛𝑐.∗ µ𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 ∗ 1000

µ𝑙 𝑏𝑒𝑎𝑑𝑠
 (7) 
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supernatants were transferred into a clear 96 well MTP. Absorbance was measured at 450 nm 

using the Mithras² LB 943 Monochromator Multimode Microplate Reader. 

8.1.5. Nucleic Acid Library Design 

For the design of the primer regions, random 18 nt sequences were generated using the 

Maduro Labs Random DNA Sequence Generator software. The size of DNA was set to 18 bp 

and the GC content (between 0 and 1) to 0.5. Resulting sequences were analyzed using IDT 

OligoAnalyzer™ software. Here, target type was set to DNA, oligo concentration to 1 µM, 

dNTP concentration to 0.4 µM, Na+ concentration to 0 mM and Mg2+ concentration to 4 mM to 

match PCR1 conditions (see also 8.3.2).  

8.2. Systematic Evolution of Ligands by Exponential Enrichment (SELEX) 

8.2.1. General SELEX Procedure 

The theoretical background of the SELEX procedure was already discussed in section 3.6.1. 

In this work, aptamer selection was carried out semi automatically as previously described 62,70. 

Prior to every selection round, ssDNA was diluted to its final concentration in aptamer binding 

buffer. The binding buffer for selections against His-KPC-2 and His-NDM-1 (SR1.1 - 14.1) was 

BP-TB. For doped SELEX against His-NDM-1, BSA was excluded from the buffer formulation 

resulting in binding buffer BP-T. To achieve optimal folding, diluted ssDNA was activated by 

heating to 92 °C for 3 min followed by slowly cooling down to room temperature for 

approximately 30 min. For negative selections against beads only, ssDNA was incubated with 

Dynabeads™ M-280 Tosylactivated or Dynabeads™ His-Tag Isolation and Pulldown for 

20 min in binding buffer. Negative selections against other His-tagged carbapenemases or 

unrelated His-tagged proteins were performed for either 20 min or 1 h. Subsequently, ssDNA 

was incubated with the target molecule and different numbers of washing steps were 

performed. For all selections against His-KPC-2 and His-NDM-1, except for doped SELEX 

against His-NDM-1, target incubation was performed for 1 h at room temperature. Washing 

was performed 2x in 1000 µl and 1 - 2x in 400 µl binding buffer for SR1 and 2. For consecutive 

SRs, washing was performed 2x in 500 µl and 3 - 9x in 200 µl binding buffer. For exact 

numbers and duration of washing steps for each SR refer to Table 19 - 25. Elution was 

performed by incubation (target- and negative selection target-coated beads as well as 

uncoupled beads used for negative selection against beads only) with 8 M urea in binding 

buffer at 65 °C and 900 rpm. Supernatants were transferred to another tube and beads were 

washed with the same amount of ddH2O. Subsequently, eluted ssDNA as well as ssDNA from 

the last washing step, was precipitated by addition of 1.125x its volume of isopropyl alcohol, 
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0.15x its volume 3 M C2H3NaO2 and 1 µl glycogen and incubation at -20 °C overnight. 

Precipitation reactions were centrifuged at 15,700x g for 1 h at 4 °C. Supernatant was removed 

and washed twice with 80% EtOH for 10 min at 15,700x g at 4 °C. Supernatants were removed 

and pellets were dried for 10 min using a SpeedVac vacuum concentrator at room 

temperature. Finally, dried pellets were dissolved in 20 µl ddH2O and used for PCR. 

8.2.2. Negative Selections and different Approaches to Prevent His-tag binding 

For first selections against His-KPC-2 and His-NDM-1, from SR1 on, negative selections were 

performed against varying amounts of uncoupled Dynabeads™ M-280 Tosylactivated. From 

SR5.1 - 11.1, negative selections were performed against His-NDM-1 for selection against 

His-KPC-2 and against His-KPC-2 for selection against His-NDM-1. From SR8.1 - 11.1 

negative selections were also performed against His-OXA-23. All negative selections were 

performed for 20 min. From SR12.1 - 14.1 negative selections against other His-tagged 

carbapenemases were stopped and only negative selections against uncoupled Dynabeads™ 

M-280 Tosylactivated were continued. Exact numbers of negative selections as well as 

amounts of negative selection targets can be found in Table 19 and Table 20. After SR14.1, 

for both selections against His-KPC-2 and His-NDM-1, His-tag-binding sequences were 

strongly enriched. Thus, different strategies were tested to prevent enrichment of His-tag-

binding sequences using the model target His-KPC-2. For all three approaches, negative 

selections were performed against uncoupled beads as well as unrelated His-tagged protein 

mPD1-His immobilized on Dynabeads™ M-280 Tosylactivated. Furthermore, selection of His-

tag-binding sequences was to be prevented by  

1. Preincubation of the His-KPC-2 coated Dynabeads™ M-280 Tosylactivated with a 10-fold 

excess of the His-tag-binding aptamer KPC2-H14-01(01)-FR (masking approach) 

2. Competitive elution of His-tag-binding sequences after target incubation by incubation with 

a 10-fold excess of the His-tag-binding aptamer KPC2-H14-01(01)-FR 

3. Coupling of His-KPC-2, via its N-terminal His-tag to Dynabeads™ His-Tag Isolation and 

Pulldown instead of Dynabeads™ M-280 Tosylactivated. 

Here, the ssDNA pool from SR11.1 was chosen for restart of the selections. The masking 

approach failed after two rounds of selection and was restarted with ssDNA from SR10.1. 

Selection was carried out as described for the initial selections with the exception that for the 

masking and competitive elution approach not only the ssDNA pool but also masking / elution 

aptamer KPC2-H14-01(01)-FR, in a 10-fold excess over His-KPC-2, was diluted in binding 

buffer and activated. For the masking approach, target-coated beads were incubated with 
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10-fold excess of the masking aptamer prior to incubation with the ssDNA pool. For the 

competitive elution approach incubation with 10x excess of KPC2-H14-01(01)-FR was 

conducted after target incubation and washing steps. For the immobilization via the N-terminal 

His-tag, selection was carried out against His-KPC-2 coupled to Dynabeads™ His-Tag 

Isolation and Pulldown. Negative selections against beads only were conducted against 

Dynabeads™ His-Tag Isolation and Pulldown while negative selections against mPD1-His 

were performed with mPD1-His coupled to Dynabeads™ M-280 Tosylactivated. For number 

of negative selections as well as amounts of negative selection targets and masking / elution 

aptamer refer to Table 21 - 24. 

The masking approach was later chosen for the selection of an NDM-1 specific aptamer. Here, 

ssDNA from SR10.1 (selected against His-NDM-1) was used to restart selection. Negative 

selections were performed either against mPD1-His or against mPD1-His and CFHR1-His 

immobilized on Dynabeads™ M-280 Tosylactivated. The masking approach was performed 

as described above.  

8.2.3. Doped SELEX against His-NDM-1 

To select for more affine binders to His-NDM-1, a doped library was designed originating from 

NDM1-H14.2_Mask-43. The primer binding regions were kept constant, while each nucleotide 

within the 44 nt random region was replaced by each of the three other nucleotides in 5 - 8% 

of sequences. The doped library was used for four rounds of selection with varying ssDNA to 

beads ratios (see Table 25). Selection was carried out as described for the masking approach 

with the exception that target incubation was performed for 30 min for doped selection round 

(DSR) 1.1 and 2.1, 10 min for DSR3.1 and 20 min for DSR4.1. The numbers of negative 

selections as well as amounts of negative selection targets and masking aptamer are specified 

in Table 25. 
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Table 19 - 25 list the parameters of different selections against His-KPC-2 and His-NDM-1.  

Table 19: Parameters of SELEX for His-KPC-2: SR1.1 - 14.1 

SR 
ssDNA 
[pmol] 

His-KPC-2-
coated 
beads 
[pmol] 

His-KPC-2-
coated 

beads [µl] 
Beads only [µl] 

His-NDM-1-
coated 
beads 
[pmol] 

His-OXA-
23-coated 

beads 
[pmol] 

Washing steps [min] 

1.1 1000 100 10.1 1x 10.1 

- 

- 

3x 3 

2.1 200 40 4 2x 4 4x 3 

1.2 1000 100 11.1 1x 11.1 3x 3 

2.2 200 40 4.4 2x 4.4 4x 3 

3.1 120 40 4.4 2x 4.4, 1x 8.8 4x 3, 1x 10 

4.1 80 40 4.4 2x 4.4, 1x 8.8 5x 3, 1x 10, 1x 20 

4.1_Control 80 - 4.4 2x 4.4, 1x 8.8, selection: 4.4 5x 3, 1x 10, 1x 20 

5.1 80 40 4.4 2x 4.4, 1x 8.8 40 5x 3, 1x 10, 1x 20, 1x 30 

5.1_Control 80 - 4.4 2x 4.4, 1x 8.8, selection: 4.4 40 5x 3, 1x 10, 1x 20, 1x 30 

6.1 80 40 6 1x 6 + 1x 12 40 6x 3, 1x 10, 1x 20, 1x 30 

7.1 80 40 6 1x 6 + 1x 12 40 6x 3, 1x 10, 1x 20, 1x 30 

7.1_Control 80 - 6 1x 6 + 1x 12, selection: 6 40 6x 3, 1x 10, 1x 20, 1x 30 

8.1 80 40 10.8 1x 5.1 + 1x 10.2 + 1x 15.3 40 40 8x 3, 1x 10, 1x 20, 1x 30 

9.1 80 40 8.7 1x 8.7 + 1x 17.4+ 1x 26.1 40 40 8x 3, 1x 10, 1x 20, 1x 30 

9.1_Control 80 - - 1x 8.7 + 1x 17.4+ 1x 26.1, selection: 8.7 40 40 8x 3, 1x 10, 1x 20, 1x 30 

10.1 80 40 8.7 1x 8.7 + 1x 17.4+ 1x 26.1 80 80 8x 3, 1x 10, 1x 20, 1x 30 

11.1 80 40 2.8 1x 2.8 + 1x 5.6 + 1x 8.4 80 80 8x 3, 1x 10, 1x 20, 1x 30 

11.1_Control 80 40 - 1x 2.8 + 1x 5.6 + 1x 8.4, selection: 2.8 80 80 8x 3, 1x 10, 1x 20, 1x 30 

12.1 80 40 3.7 1x 11.1 + 1x 7.4 + 1x 3.7 - - 8x 3, 1x 10, 1x 20, 1x 30 

12.1_Control 80 40 - 1x 11.1 + 1x 7.4 + 1x 3.7, selection: 3.7 - - 8x 3, 1x 10, 1x 20, 1x 30 

13.1 80 40 4.1 1x 12.3 + 1x 8.2 + 1x 4.1 - - 8x 3, 1x 10, 1x 20, 1x 30 

14.1 80 40 4.1 1x 12.3 + 1x 8.2 + 1x 4.1 - - 8x 3, 1x 10, 1x 20, 1x 30 

14.1_Control 80 40 - 1x 12.3 + 1x 8.2 + 1x 4.1, selection: 4.1 - - 8x 3, 1x 10, 1x 20, 1x 30 
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Table 20: Parameters of SELEX for His-NDM-1: SR1.1 - 14.1 

SR 
ssDNA                                                                                    
[pmol] 

His-NDM-
1-coated 

beads 
[pmol] 

His-NDM-1-
coated 

beads [µl] 
Beads only [µl] 

His-KPC-2-
coated 
beads 
[pmol] 

His-OXA-
23-coated 

beads 
[pmol] 

Washing steps [min] 

1.1 1000 100 13.2 1x 13.2 

- 

- 

3x 3 

1.2 1000 100 13.2 1x 13.2 3x 3 

2.1 200 40 5.6 2x 5.6 4x 3 

3.1 200 40 5.3 2x 5.3 + 1x 10.6 4x 3, 1x 10 

3.1_Control 200 - - 2x 5.3 + 1x 10.6, selection: 5.3 4x 3, 1x 10 

4.1 120 40 5.3 2x 5.3 + 1x 10.6 5x 3, 1x 10, 1x 20 

5.1 120 40 3.8 1x 3.8 + 1x 7.6 40 5x 3, 1x 10, 1x 20 

5.1_Control 120 - - 1x 3.8 + 1x 7.6, selection: 3.8 40 5x 3, 1x 10, 1x 20 

6.1 120 40 3.8 1x 3.8 + 1x 7.6 40 5x 3, 1x 10, 1x 20, 1x 30 

6.1_Control 120 - - 1x 3.8 + 1x 7.6, selection: 3.8 40 5x 3, 1x 10, 1x 20, 1x 30 

7.1 120 40 3.8 1x 3.8 + 1x 7.6 40 6x 3, 1x 10, 1x 20, 1x 30 

6.2 120 40 5.1 1x 5.1 + 1x 10.2  40 6x 3, 1x 10, 1x 20, 1x 30 

6.2_Control 120 - - 1x 5.1 + 1x 10.2, selection: 5.3 40 6x 3, 1x 10, 1x 20, 1x 30 

7.2 120 40 5.1 1x 5.1 + 1x 10.2  40 8x 3, 1x 10, 1x 20, 1x 30 

7.2_Control 120 - - 1x 5.1 + 1x 10.2, selection: 5.3 40 8x 3, 1x 10, 1x 20, 1x 30 

8.1 80 40 5.1 1x 5.1 + 1x 10.2 + 1x 15.3 40 40 8x 3, 1x 10, 1x 20, 1x 30 

8.1_Control 80 - - 1x 5.1 + 1x 10.2 + 1x 15.3, selection: 5.3 40 40 8x 3, 1x 10, 1x 20, 1x 30 

9.1 80 40 3.4 1x 3.4 + 1x 6.8 + 1x 10.2 40 40 8x 3, 1x 10, 1x 20, 1x 30 

10.1 80 40 8.5 1x 8.5 + 1x 17 + 1x 25.5 80 80 8x 3, 1x 10, 1x 20, 1x 30 

10.1_Control 80 40 - 1x 8.5 + 1x 17 + 1x 25.5, selection: 8.5 80 80 8x 3, 1x 10, 1x 20, 1x 30 

11.1 80 40 3.4 1x 3.4 + 1x 6.8 + 1x 10.2, selection: 3.4 80 80 8x 3, 1x 10, 1x 20, 1x 30 

11.1_Control 80 40 - 1x 3.4 + 1x 6.8 + 1x 10.2, selection: 3.4 80 80 8x 3, 1x 10, 1x 20, 1x 30 

12.1 80 40 3.8 1x 11.4 + 1x 7.6 + 1x 3.8 - - 8x 3, 1x 10, 1x 20, 1x 30 

12.1_Control 80 40 - 1x 11.4 + 1x 7.6 + 1x 3.8, selection: 3.8 - - 8x 3, 1x 10, 1x 20, 1x 30 

13.1 80 40 5.3 1x 15.3 + 1x 10.6 1x 5.3 - - 8x 3, 1x 10, 1x 20, 1x 30 

13.2 80 40 5.3 1x 15.3 + 1x 10.6 1x 5.3 - - 8x 3, 1x 10, 1x 20, 1x 30 

13.2_Control  80 40 - 1x 15.3 + 1x 10.6 1x 5.3, selection: 5.3 - - 8x 3, 1x 10, 1x 20, 1x 30 

14.1 80 40 5.3 1x 15.3 + 1x 10.6 1x 5.3 - - 8x 3, 1x 10, 1x 20, 1x 30 

14.1_Control 80 40 - 1x 15.3 + 1x 10.6 1x 5.3, selection: 5.3 - - 8x 3, 1x 10, 1x 20, 1x 30 
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Table 21: Parameters of SELEX for His-KPC-2: SR11.2 - 13.3 with the His-tag masking. 

SR 
ssDNA                                                                                    
[pmol] 

His-KPC-2-
coated 

beads [pmol] 

His-KPC-2-
coated beads 

[µl] 
Beads only [µl] 

mPD1-His-
coated 

beads [pmol] 

Masking 
aptamer 
[pmol] 

Washing steps [min] 

12.2_Mask 80 20 2.6 1x 5.2 + 1x 2.6 20 200 6x 3, 1x 10, 1x 20, 1x 30 

13.2_Mask 80 20 2.6 1x 5.2 + 1x 2.6 20 200 6x 3, 1x 10, 1x 20, 1x 30 

11.2_Mask 80 20 2.6 1x 5.2 + 1x 2.6 20 200 6x 3, 1x 10, 1x 20, 1x 30 

12.3_Mask 80 20 2.6 1x 5.2 + 1x 2.6 20 200 6x 3, 1x 10, 1x 20, 1x 30 

13.3_Mask 80 20 3.8 1x 5.2 + 1x 2.6 80 200 6x 3, 1x 10, 1x 20, 1x 30 

13.3_Mask_Control 80 20 3.8 1x 5.2 + 1x 2.6, selection: 2.6 80 200 6x 3, 1x 10, 1x 20, 1x 30 

 

Table 22: Parameters of SELEX for His-KPC-2: SR11.2 - 13.3 with competitive elution 

SR 
ssDNA                                                                                    
[pmol] 

His-KPC-2-
coated 

beads [pmol] 

His-KPC-2-
coated beads 

[µl] 
Beads only [µl] 

mPD1-His-
coated 

beads [pmol] 

Elution apt. 
[pmol] 

Washing steps [min] 

12.2_Comp 80 20 2.6 1x 5.2 + 1x 2.6 20 200 6x 3, 1x 10, 1x 20, 1x 30 

13.2_Comp 80 20 2.6 1x 5.2 + 1x 2.6 20 200 6x 3, 1x 10, 1x 20, 1x 30 

14.2_Comp 80 20 2.6 1x 5.2 + 1x 2.6 20 200 6x 3, 1x 10, 1x 20, 1x 30 

14.2_Comp_Control 80 20 2.6 1x 5.2 + 1x 2.6, selection: 2.6 20 200 6x 3, 1x 10, 1x 20, 1x 30 

 

Table 23: Parameters of SELEX for KPC-2: SR11.2 - 13.3 with His-KPC-2 coupled to Dynabeads™ His-Tag Isolation and Pulldown (Co2+-NTA) 

SR ssDNA [pmol] 
His-KPC-2-

coated beads 
[pmol] 

His-KPC-2-
coated beads 

[µl] 
Beads only [µl] 

mPD1-His-coated 
beads [pmol] 

Washing steps [min] 

12.2_Co2+-NTA 80 20 1 1x 2 + 1x 1 20 6x 3, 1x 10, 1x 20, 1x 30 

13.2_ Co2+-NTA 80 20 1 1x 2 + 1x 1 20 6x 3, 1x 10, 1x 20, 1x 30 

14.2_ Co2+-NTA 80 20 1 1x 2 + 1x 1 20 6x 3, 1x 10, 1x 20, 1x 30 
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Table 24: Parameters of SELEX for His-NDM-1: SR 11.2 - 14.2 with the masking approach 

SR 
ssDNA 
[pmol] 

His-NDM-1-
coated 

beads [pmol] 

His-NDM-
1-coated 

beads [µl] 
Beads only [µl] 

mPD1-His-
coated 

beads [pmol] 

CFHR1-His-
coated 

beads [pmol] 

Masking 
aptamer 
[pmol] 

Washing steps [min] 

11.2_Mask 80 40 4 1x 8 + 1x 4 40 

- 

400 6x 3, 1x 10, 1x 20, 1x 30 

12.2_Mask 80 40 4 1x 8 + 1x 4 80 400 6x 3, 1x 10, 1x 20, 1x 30 

12.2_Mask_Control 80 - - 1x 8 + 1x 4, selection: 4 80 400 6x 3, 1x 10, 1x 20, 1x 30 

13.3_Mask 80 40 4 1x 8 + 1x 4 40 40 400 6x 3, 1x 10, 1x 20, 1x 30 

14.2_Mask 80 20 2 1x 4 + 1x 2 40 40 200 6x 3, 1x 10, 1x 20, 1x 30 

14.2_Mask_Control 80 20 - 1x 4 + 1x 2, selection: 2 40 40 200 6x 3, 1x 10, 1x 20, 1x 30 

 

Table 25: Parameters of doped SELEX for His-NDM-1: DSR1.1 - 4.1, with the masking approach 

DSR 
ssDNA 
[pmol] 

His-NDM-1-
coated 

beads [pmol] 

His-NDM-1-
coated 

beads [µl] 
Beads only [µl] 

mPD1-His-
coated 

beads [pmol] 

Masking 
aptamer 
[pmol] 

Washing steps 
[min] 

1.1_Mask 1000 100 20 1x 20 1000 1000 3x 3 

2.1_Mask 62.5 2.5 0.5 1x 0.5 2.5 79 3x3, 1x 30 

3.1_Mask 100 2 0.4 1x 0.4 1x 2.5 +1x 5 79 2x3, 1x 10, 1x 30 

4.1_Mask 85 1 0.6 1x 0.6 + 1x 1.2 2 79 2x3, 1x 15, 1x 30 

4.1_Mask_Control 85 - - 1x 0.6 + 1x 1.2, selection: 0.6 2 79 2x3, 1x 15, 1x 30 
*For DSR 4.1 coupled and uncoupled beads were diluted 1:10 prior to use  
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8.3. Polymerase Chain Reaction (PCR) 

PCR was first reported in 1986 by Mullis et al. 190. The reaction involves repetitive cycles of 

denaturation of a template DNA molecule, hybridization of two oligonucleotides (primers) to 

the different strands and DNA polymerase extension of the product they prime. To date, PCR 

has undergone some improvements like the use of thermostable polymerases such as taq 

polymerase from the extreme thermophile Thermus aquaticus rendering the addition of fresh 

polymerase after each amplification cycle unnecessary 191. In this work, PCR was performed 

using a Biometra Trio cycler for 100 µl reactions and a Biometra TAdvanced for 200 µl 

reactions. The general PCR program is specified in Table 26. Two different polymerases were 

used throughout this work. The polymerases can be used interchangeably. While GoTaq® G2 

Flexi DNA Polymerase was used for preliminary experiments, the work was continued using 

Taq DNA Polymerase convenient for cost reasons. For all PCRs, a no template control (NTC) 

was prepared in which the volume of template solution was replaced with the corresponding 

volume of ddH2O. After each PCR amplification, PCR products were analyzed by gel 

electrophoresis. 

Table 26: General PCR program 

General PCR program 

Step T [°C] t [min] 

1. Initial Denaturation  94 3.0 

2. Denaturation 94 1.0 

3. Annealing 55 0.5 

4. Elongation 72 0.5 

5. Repeat Go to 2. xx 

6. Final elongation 72 3.0 

7. Hold 4 ∞ 

8.3.1. Gradient PCR for Library Design 

Primers designed for the library used for selection (see Table 14, referred to as initial library) 

were tested for non-specific amplification either without template DNA or with 300 ng of 

library 42. Library 42 (see Table 14) contained different primer binding sites than the initial 

library. Non-specific amplification was tested at three different annealing temperatures. Master 

mixes were prepared as specified in Table 27 and annealing was tested at 56 °C, 61 °C and 

66 °C. Amplification was stopped and PCR products were analyzed by gel electrophoresis 

after 10, 20, 30 and 40 cycles. After library synthesis, optimal annealing was tested. Reactions 

were prepared as specified in Table 27 with 300 ng of the library as template DNA. Annealing 

was tested at 55°C, 60°C and 65°C. A non-template control was prepared amplified at an 
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annealing temperature of 55°C. Amplification was stopped and PCR products were analyzed 

by gel electrophoresis after 10 and 20 PCR cycles. After 20 PCR cycles DNA was purified by 

Agowa purification and DNA concentration was measured using IMPLEN NP80 Nano-

Photomer®. 

Table 27: Preparation of the reaction mixtures for primer and library PCR. 

Primer and library PCR 

 
1x [µl] Reagent 

20 5x Colorless GoTaq® Flexi Buffer  

10 25 mM MgCl2  

4 10 mM dNTPs  

1 100 µM Primer DSP-F44  

1 100 µM Primer DSP-R44  

1 5 U/µl GoTaq® G2 Flexi DNA Polymerase 

0.5 1 U/µl Perfect Match PCR Enhancer  

X ddH2O 

100 - Y Final master mix volume  
Y = Volume of PCR product containing 300 ng DNA                   

X = Final volume - Y - sum (volume of other components)  

8.3.2. Analytical PCR1 

After the selection step, PCR was performed to analyze selection progress and to produce 

sufficient amounts of DNA for the next round of selection. Precipitated ssDNA from the 

selection step was amplified to compare PCR products of different fractions as well as in some 

cases PCR products from target selection with PCR products from control selections. 

Reactions of the first PCR (PCR1) were prepared as specified in Table 28. 20 µl of ssDNA 

from different fractions were added as a template. Final reactions at a total volume of 100 µl 

were amplified as specified in Table 26. For most selection rounds, amplification was started 

with 9 - 10 PCR cycles, analyzed by gel electrophoresis and more cycles were added until a 

PCR product with a signal intensity comparable to the used DNA ladder was achieved. PCR 

products of the elution fraction were then purified using the MinElute PCR Purification Kit. DNA 

concentration was measured using IMPLEN NanoPhotometer®. 
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Table 28: Preparation of reaction mixtures for analytical PCR (PCR1). 

PCR1 

1x [µl] Reagent 

10 10x Reaction Buffer with 30 mM MgCl2  

4 25 mM MgCl2  

4 10 mM dNTPs  

1 100 µM Primer DSP-F44  

1 100 µM Primer DSP-R44  

1 5U/µl Taq DNA Polymerase convenient 

0.5 1 U/µl Perfect Match PCR Enhancer  

58.5 ddH2O 

80 Final master mix volume  

8.3.3. Further Amplifications throughout the SELEX Process 

The further amplification strategy was dependent on the formation of byproducts throughout 

the PCR1. A three- to four-step PCR strategy with few PCR cycles was applied to reduce 

byproduct production in comparison to a one-step PCR strategy with many PCR cycles. If no 

byproducts were formed in PCR1, 2x 100 µl PCR2a reaction was prepared and amplified. 

200 ng of PCR product from PCR1 were used as template DNA in PCR2a. To generate 

sufficient amounts of dsDNA for ssDNA synthesis and use for the next round of selection, PCR 

products from PCR2a or PCR3a were further amplified. Here, 10 - 25x 200 µl PCR2b or PCR3b 

reactions were prepared. 10 µl of unpurified PCR2a or PCR3a products were used as template 

DNA and amplified with 5 - 7 PCR cycles. All PCRs following PCR1 were carried out with the 

use of a 5’-phosphorylated reverse primer to facilitate ssDNA synthesis after PR2b/PCR3b. In 

case of byproduct formation, 3x 200 µl PCR2a-gel reactions were prepared with addition of 

150 - 200 ng PCR1 product as template DNA and amplified with 5 - 7 PCR cycles. PCR2a-gel 

product was purified using the MinElute PCR Purification Kit (see also 8.5.1) to reduce the 

sample volume prior to PAGE purification (see also 8.5.3). After PAGE purification, 2x 100 µl 

PCR3a were prepared with 150 - 200 ng gel purified template DNA and amplified with 

5 – 7 PCR cycles. Reaction mixtures for PCR2a, 3a, 2a-gel, 2b and 3b were prepared as 

specified in Table 29 and Table 30. 
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Table 29: Preparation of reaction mixtures for PCR2a and 3a. 

PCR2a, PCR3a 

 
1x [µl] Reagent 

10 10x Reaction Buffer with 30 mM MgCl2  

4 25 mM MgCl2  

4 10 mM dNTPs  

1.5 100 µM Primer DSP-F44  

1.5 100 µM Primer Phos-DSP-R44  

0.5 5 U/µl Taq DNA Polymerase convenient 

0.5 1 U/µl Perfect Match PCR Enhancer  

X ddH2O 

100 - Y Final master mix volume  
Y = 10 µl PCR2a/3a product                                                                          

X = Final volume - Y - sum (volume of other components)  

Table 30: Preparation of reaction mixtures for PCR2a-gel, PCR2b, and PCR3b. 

PCR2a-gel, PCR2b, PCR3b 

1x [µl] Reagent 

20 10x Reaction Buffer with 30 mM MgCl2  

8 25 mM MgCl2  

12 10 mM dNTPs  

3 100 µM Primer DSP-F44  

3 100 µM Primer Phos-DSP-R44  

1 5 U/µl Taq DNA Polymerase convenient 

0.5 1 U/µl Perfect Match PCR Enhancer  

X ddH2O 

200 - Y Final master mix volume  
Y = Volume of PCR product containing 200 ng DNA                                                               

X = Final volume - Y - sum (volume of other components)  

8.3.4. PCR for Next Generation Sequencing 

The TruSeq DNA Nano kit used for library preparation for Illumina dye sequencing is designed 

to produce inserts of 350 or 550 bp. The ssDNA pools consist of sequences which consist of 

only 80 nt. Here, the risk of losing sequences throughout bead‑based purification steps was 

high. Thus, a two-step PCR was performed in which the pools were extended to 136 nt to 

facilitate library preparation with adjustments. Furthermore, an index was introduced that was 

used for sequence analysis. Different index primers were used for the first amplification. The 

primers consisted of 29 nt of which 11 nt were complementary to the primer binding sites of 

the DNA pools. 200 ng of dsDNA either after gel purification or PCR3b were used as a 

template. One no template control was prepared usually using index primer 1. PCR reactions 

were prepared as specified in Table 31. 
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Table 31: Preparation of the master mix and the final reaction mixture for index PCR. Conv. = convenient,  

Index PCR Master Mix  Index PCR final reaction  

1x [µl] Reagent  1x [µl] Reagent 

10.0 10x Reaction Buffer with 30 mM 

MgCl2 

 10 200 ng dsDNA + ddH2O or 

ddH2O 

4.0 25mM MgCl2   88 Master Mix 

4.0 10mM dNTPs  1 100 µM index primer F 

1.0 5U/µl Taq DNA Polymerase conv.  1 100 µM index primer R 

0.5 1U/µl Perfect Match PCR Enhancer   100 Total volume 

68.5 ddH2O  

88 Total volume Master Mix   

 

Amplification was performed using the PCR program specified in Table 26 with 6 - 8 PCR 

cycles. Amplification success was monitored by agarose gel electrophoresis, the final PCR 

product was purified using the MinElute kit and concentration was measured using IMPLEN 

NP80 Nanophotometer®. 200 ng of the obtained PCR products were used for Extension PCR. 

Here, 20 nt long primers were used of which 10 nt were complementary to the index primers. 

PCR reactions were prepared as specified in Table 32. 

Table 32: Preparation of reaction mixtures for extension PCR. 

Extension PCR 

 
1x [µl] Reagent 

10 10x Reaction Buffer with 30 mM MgCl2  

4 25 mM MgCl2  

4 10 mM dNTPs  

2 100 µM Primer Extension Primer F 

2 100 µM Primer Extension Primer R 

1 5 U/µl Taq DNA Polymerase convenient 

0.5 1 U/µl Perfect Match PCR Enhancer  

X ddH2O 

100 - Y Final master mix volume  
Y = Volume of PCR product containing 200 ng DNA                   

X = Final volume - Y - sum (volume of other components)  

Amplification was performed using the PCR program specified in section 8.3 with 7 PCR 

cycles, followed by addition of 2.5 U Taq DNA Polymerase and 6 further PCR cycles. 

Amplification success was monitored by agarose gel electrophoresis, the final PCR product 

was purified using the MinElute PCR Purification Kit (see also 6.5.1) and concentration was 

measured using IMPLEN NP80 Nanophotometer®. Finally, 150 ng of both Index PCR and 

Extension PCR products were analyzed by PAGE. 
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8.4. Gel Electrophoresis 

DNA electrophoresis describes the migration of DNA in a medium under the influence of an 

electric field 192. The electrophoretic mobility of macromolecules in solution depends on the 

total charge of the molecule as well as the ratio between the applied force by an electric field 

and the resistance to its motion due to friction with the solvent. For large DNA molecules, this 

motion is independent of molecular size. Thus, porous gels, in which small DNA molecules 

migrate faster than larger one, are used as supporting media 193. In this work, DNA 

electrophoresis was performed on either on agarose gels or polyacrylamide gels to visualize 

PCR products or DNA prior to and after single strand synthesis (see also 8.6), for PAGE 

purification (see also 8.5.3) and for enrichment analysis by DANA (see also 8.7).  

8.4.1. Agarose Gel Electrophoresis 

Agarose gels were used for analysis of PCR products or enrichment assessment by DANA. 

For agarose gels, 2% agarose was dissolved in 1x TBE and heated in a microwave until 

dissolved. After a few min of cooling down, 0.05 µl of 1% ethidium bromide solution per ml gel 

solution for PCR analysis or 0.025 µl GelStar™ Nucleic Acid Gel Stain per ml gel solution for 

DANA were added. Liquid agarose solution containing the respective dye was casted into gel 

slides and was left to harden for approximately 30 min. 6 - 12  µl DNA containing solutions 

were mixed with 1 - 2 µl 10x loading dye and applied onto the gel, which was run for 

approximately 45 min at 100 - 120 V. 1x TBE was used as a running buffer. For DNA detection, 

gels were irradiated at 254 nm UV light and photographed using the BioDoc Analyze gel 

documentation system. Signal intensities of the PCR products were compared to signal 

intensity of 4 µl 50 bp DNA Ladder. 

8.4.2. Polyacrylamide Gel Electrophoresis (PAGE) 

Polyacrylamide gels (PAA gels) were used for analysis of single strand production as well as 

for PAGE purifications. A solution containing 30% ROTIPHORESE® Gel 40 (29:1) solution, 

adding up to a final of acrylamide concentration of 12%, TBE at a final concentration of 1x and 

7 M urea was prepared. 12.5 ml per gel were polymerized with 62.5 µl ammonium persulfate 

(APS) and 6.25 µl Tetramethylethylenediamine (TEMED) using the BioRad Mini-PROTEAN® 

Tetra cell system with 1.5 mm spacer plates and combs. DNA samples as well as 3 µl of 25 bp 

DNA Step Ladder were prepared by adding 8 µl (for samples < 8 µl) or equivalent amounts 

(for samples > 8µl) of 2x denaturing PAA loading dye. All samples, except for the ladder, were 

heated to 90°C for 10 min. Heated 1x TBE was used as running buffer. Samples were loaded 

onto the gel and run at 80 V for approximately 30 min followed by 120 V until the bromophenol  
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blue front reached the lower edge of the gel. For analytical purposes and after PAGE 

purification, PAA gels were stained by a 15-min-long incubation in 1x TBE including 0.05 µl of 

1% ethidium bromide solution per ml TBE solution. For DNA detection, gels were irradiated at 

254 nm UV light and photographed BioDoc Analyze gel documentation system. 

8.5. DNA Purifications 

DNA was purified after most PCR steps as well as after single strand production. MinElute and 

Agowa purifications were performed to remove PCR or single strand production components 

such as polymerase or lambda exonuclease. PAGE purification was performed to remove PCR 

byproducts with different molecular sizes. 1.5 µl of purified DNA were used for concentration 

measurement using IMPLEN NP80 NanoPhotometer®. 

8.5.1. MinElute Purification 

After PCR1, PCR2a-gel and NGS preparation PCRs, resulting dsDNA was purified using the 

MinElute PCR Purification Kit according to the manufacturer’s specifications except for the 

addition of 1.6% (v/v) 3 M C2H3NaO2 to the binding reaction. PCR1 products were eluted in 

30 µl elution buffer. For PCR2a-gel, the PCR product solution was split onto 2 columns which 

were both eluted with 17.5 µl elution buffer. 

8.5.2. Agowa Purification 

Bead-based Agowa purification was performed after PCR2b, PCR3b and after single strand 

production. Here, reaction volumes were too high to perform MinElute. Thus, bead-based 

purification using a robotic workstation was performed. Purification was performed utilizing a 

KingFisher™ microtiter 96 deepwell plate and KingFisher™ Duo Prime robotic workstation. 

Reactions were prepared as specified in Table 33 and purification was performed automated 

by the robotic workstation. 
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Table 33: Agowa purification steps. 

 

After purification, solutions from rows D/H and from the elution strip were pipetted into a tube 

and DNA concentration was measured using IMPLEN NP80 NanoPhotomer®.  

8.5.3. PAGE Purification 

For PAGE purification, PCR2a-gel products were purified by MinElute. 200 ng for analytical 

purposes, the remaining 2 - 10 µg of DNA and 3 µl of 25 bp DNA step ladder were prepared 

as described in section 8.4.2. To facilitate proper separation of DNA sequences with different 

molecular sizes for as large amounts as 2 - 10 µg, 2 - 3 gel pockets were merged by cutting 

the separating gel pieces. Samples were applied onto the gel and run as described in section 

8.4.2. After electrophoresis, DNA was visualized by UV shadowing (254 nm) on a silica gel 

plate. The desired band was cut out, placed in 1.5 ml tube, and covered with 700 µl of 0.3 M 

C2H3NaO2, pH 5.2 for DNA extraction. After incubation for 1 h at 70°C and 600 rpm, using a 

thermomixer the supernatant was transferred into a 2 ml tube and approximately 350 µl of 

fresh 0.3 M C2H3NaO2 were added. The amount of fresh 0.3 M C2H3NaO2 depended on the 

size of the gel piece as it needed to be covered by the fluid. This procedure was repeated twice 

after another 1.5 and 2 h of incubation. Subsequently, the supernatant was divided into 2x 2 ml 

tubes and precipitated as described in section 8.2.1. After precipitation centrifugation and 

washing was performed as described in section 8.2.1. Yet, dried pellets were dissolved in 10 µl 

ddH2O each and pooled in a fresh tube. DNA concentration was measured, and the purified 

DNA was used for amplification as PCR3b. 

8.6. Single Strand Synthesis  

Single stranded DNA was synthesized utilizing lambda exonucleases ability to selectively 

digest the 5’ phosphorylated strand of dsDNA in 5’-3’ direction 73. PCR2b or PCR3b products, 

purified by Agowa purification, were supplemented with 10% (v/v) 10x reaction buffer lambda 

Step Step 

number 

Duration 

[min] 
Row Volume 

[µl] 
Reagents Temp 

[°C] 

Bind 1 12 A/E 

400 - 600 DNA sample 

RT 

24 - 36 
sbeadex particle 

solution 

320 - 480 Agowa binding buffer 

Wash 1 2 5 B/F 400 Agowa washing buffer 

Wash 2 3 5 C/G 400 ddH2O 

Elution 2 5 2 D/H 80 ddH2O 

Elution 1 4 5 Elution 

strip 

120 Agowa elution buffer 55 
20 ddH2O 
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exonuclease. Prior to addition of lambda exonuclease, 7 µl were put aside for subsequent 

PAGE analysis. 1.5 U/µg dsDNA lambda exonuclease were added and incubated for 30 min 

to 1 h at 37°C and 300 rpm. After incubation, lambda exonuclease was heat inactivated at 

75°C for 10 min. 7 µl were put aside for subsequent PAGE analysis and ssDNA was Agowa 

purified. Finally, 7 µl of DNA prior to and after single strand synthesis as well as 100 ng of 

Agowa purified ssDNA were analyzed by PAGE. 

8.7. Diversity Assay for Nucleic Acids (DANA) 

DANA is based on the ability of S1 nuclease to digest ssDNA but not dsDNA 194. Here, prior to 

S1 nuclease incubation, dsDNA is denatured at a temperature well above its melting point, 

followed by cooling down for rehybridization for a defined amount of time. Upon S1 incubation, 

remaining ssDNA is digested while dsDNA remains intact. Discrimination between strongly 

enriched and highly diverse DNA pools is possible if the rehybridization time frame is set to an 

amount of time in which strongly enriched pools can rehybridize while highly diverse pools 

remain single stranded for the most part. In this work, dsDNA from PCR2b or PCR3b was used 

for DANA. Double stranded DNA from different DNA libraries was used as a highly diverse 

negative control while dsDNA of an unrelated aptamer was used as a positive control. Double 

stranded DNA samples were prepared as follows: 500 ng of dsDNA were supplemented with 

10 µl 5x S1 buffer and ddH2O to achieve a final volume of 50 µl. The reactions were split up 

as two reactions of 25 µl each and heated to 98 °C for 3 min for denaturation followed by 65 °C 

for 5 min for (partial) rehybridization. In the meantime, S1 nuclease was diluted to 0.2 U/µl in 

1x S1 buffer. After the rehybridization step, the PCR program was stopped to immediately add 

either 0.5 U S1 in 2.5 µl 1x S1 buffer (+) or 2.5 µl 1x S1 buffer (-). Partially rehybridized DNA 

was then incubated with S1 nuclease or buffer for 30 min at 65 °C. Subsequently, 2 µl of 0.5 M 

EDTA were added to stop the reaction. Of all reactions, 12 µl were supplemented with 1.2 µl 

10x agarose loading dye and loaded onto a 2% agarose gel containing GelStar™ Nucleic Acid 

Gel Stain. The gel was run and analyzed as described in section 8.4.2 

8.8. Next Generation Sequencing (NGS) - Illumina Dye Sequencing  

The term next generation sequencing refers to highly parallel or high-output sequencing 

techniques that produce high amounts of data 195. Illumina dye sequencing is based on the 

concept of sequencing by synthesis (SBS). SBS is characterized by three basics steps which 

are fragmentation of the DNA or RNA by physical shearing (1), generation of a “sequencing 

library” by addition of platform specific adaptors at both ends of the DNA or RNA fragments (2) 

and hybridization to covalently surface-bound oligonucleotides with complementarity to the 
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adaptors followed by clonal on-surface amplification of the bound fragment (3) 93. Clonal 

clusters are formed, and one DNA strand is removed to yield single-stranded templates with 

uniform orientation. The 3’-ends of the DNA are blocked and a sequencing primer hybridizes 

to the adaptor. 4 differently labeled or three differently labeled and one unlabeled, 3’-blocked 

(d)NTPs are added and used for extension in the presence of a polymerase. After 

incorporation, the flow cell is read out piecewise by imaging. The terminator and the 

fluorophore are removed and a new cycle is started 196. In this work, ssDNA pools were 

prepared for sequencing via a two-step PCR to yield a dsDNA product extended by 48 nt. The 

library prep was performed using the TruSeq DNA Nano kit partially according to the 

manufacturer’s specifications. The library prep workflow includes 6 steps, namely fragment 

DNA (1), repair ends and select library size (2), adenylate 3’ ends (3), ligate adapters (4), 

enrich DNA fragments (5), check, normalize and pool libraries (6). The following changes were 

made to the workflow, to accustom the workflow to the short sequences used for NGS. Step 1 

was left out as DNA pools after extension PCR were already at the size used for sequencing. 

For step 2, the Repair Ends procedure was performed as described in the manual. However, 

the Select Library Size was accustomed. Here, the manual suggests a two-step clean up to 

remove large and small DNA fragments. As the used fragments were of only one length, only 

the second clean up step was performed to remove reagents from the Repair Ends procedure. 

Here, the ratio of beads volume to sample volume was accustomed to the size of the fragments 

and used in a ratio of 1.3 µl beads per 1 µl sample. Steps 3, 4 and 5 were performed as 

described in the manual. However, clean-up procedures after steps 4 and 5 were performed 

with a bead to sample ratio of 1.2µl per 1µl. Step 6 was performed as specified by the 

manufacturer. Quantification of the library was performed with a Qubit Fluorometer as specified 

by the manufacturer. Sequencing was performed using the Mini Seq Mid Output Kit on a 

Miniseq sequencing platform. Paired end mode was chosen with 150 reads per direction and 

data was bioinformatically analyzed using AptaAnalyzer™-SELEX. 

8.9. Fluorescent-dye Linked Aptamer Assay (FLAA) 

FLAA is an MTP-based assay that can be used to test the affinity of aptamer candidates or 

ssDNA pools. The assay makes use of the ssDNA specific fluorescent dye Quant-iT™ 

OliGreen™ which is basically nonfluorescent in the absence of ssDNA, while it becomes 

fluorescent when bound to ssDNA. Target molecules are immobilized on an MTP and 

incubated with the respective aptamer candidate or ssDNA pool. After certain washing steps 

a dilution of the fluorescent dye is added to the plate and after incubation, fluorescence is 

measured 154. In this work, carbapenemases were either immobilized on Greiner Bio-One 

FLUOTRAC™ High Binding 96-well Polystyrene Microplates or on Pierce™ Nickel Coated 96 
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well plates. In both cases, carbapenemases were diluted to 0.6 µg per well in a total volume 

of 100 µl in PBS and applied onto the plates. 100 µl PBS were applied to negative control 

wells. Target incubation was conducted for 3h at 23°C and 300 rpm and 18 °C without shaking 

overnight for Greiner Bio-One FLUOTRAC™ High Binding 96-well Polystyrene Microplates 

and for 1h at 23 °C and 300 rpm for Pierce™ Nickel Coated MTP. Single stranded DNA was 

diluted to 0.4 - 1 µM in a total volume of 100 µl per well in aptamer binding buffer and activated 

as described before to achieve optimal folding by denaturation and refolding. After target 

incubation MTPs were washed twice with PBS-T and once with aptamer binding buffer. 100 µl 

activated ssDNA was applied to each well and incubated for 1h at 23°C and 300 rpm. 

Meanwhile, Quant-iT™ OliGreen™ was diluted 1:200 in aptamer binding buffer. After three 

consecutive washing steps with aptamer binding buffer, 100 µl Quant-iT™ OliGreen™ dilution 

were applied to each well and incubated for 12 - 20 min. Fluorescence was measured thrice 

(excitation 485 nm, emission 527 nm) using either Mithras² LB 943 Monochromator multimode 

microplate reader or EnVision® 2105 multimode plate reader. Two or three target-coated, and 

negative control wells were incubated with the same ssDNA sample as technical replicates. 

Fluorescence values were averaged, and negative control values were subtracted. Error bars 

represent the square root of the sum of the variances of two or three target-coated wells and 

two or three negative control wells.  

8.10. MicroScale Thermophoresis (MST) 

MST is an immobilization-free technique for the analysis of binding events. It is based on a 

phenomenon called thermophoresis which is the directed movement of molecules in a 

temperature gradient. Thermophoresis is influenced by size, charge, and hydration shell of a 

molecule in a liquid medium. Virtually any binding event is accompanied by changes in at least 

one of these factors, allowing for the characterization of binding events. In a typical MST setup, 

an infrared laser is used to create a microscopic, local temperature gradient in which a 

fluorescently labeled binding partner moves either alone or in complex with another, unlabeled 

molecule. Titration of the unlabeled binding partner allows for the calculation of dissociation 

constants 159. In this work, constant concentrations of 5’-Cy5-labelled aptamers 

KPC2-H14-01(01), NDM1-H14.2-Mask_43, and Con1 were incubated with varying 

concentrations of unlabeled His-NDM-1, His-OXA-23, and/or the hexa-His peptide. For 

characterization of KPC2-H14-01(01) binding to the hexa-His peptide, Cy5-KPC2-H14-01(01) 

and Cy5-Con1 were diluted to 20 nM. A serial dilution of the hexa-His peptide (8960 - 2.72 nM) 

was prepared and 10 µl of each aptamer and hexa-His peptide solution were mixed. For 

characterization of NDM1-H14.2_Mask-43, selectively binding to His-NDM-1, aptamers 

Cy5-NDM1-H14.2_Mask-43 and Cy5-Con1 were diluted to 42 nM in BP-TB and activated as 
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described before. Serial dilutions of His-NDM-1, the hexa-His peptide (both 32.3 - 0.017 µM), 

and His-OXA-23 (25.3 - 0.013 µM) were prepared, and 1 µl of each aptamer was mixed with 

5 µl of ligand solution. For all dilutions, BP-TB was used. Binding experiments were performed 

with 40 - 70% excitation power and 40 - 60% MST power using standard capillaries. 

Measurements were performed on Monolith NT.115. The recorded fluorescence was 

normalized to ΔFnorm in per mill and fitted utilizing the KD formula derived from the law of mass 

action by MO.Affinity Analysis software as previously described 44. All measurements were 

performed in triplicates. 

8.11. Surface Plasmon Resonance Spectroscopy (SPR) 

SPR is a label-free method that can be exploited to analyze kinetic features of a binding event. 

SPR exploits the phenomenon of surface plasmon resonance which occurs when a photon of 

incident light strikes a metal surface. At a certain angle of incidence, some of the light energy 

excites electrons in the metal layer which then move. These movements are called plasmons 

and propagate parallel to the metal surface. The angle at which surface plasmon resonance 

occurs is dependent on the refractive index of the material near the metal surface. Thus, 

changes in the refractive index near the metal surface, e.g., through binding events, require 

adjustment of the SPR angle. For SPR measurements, one binding partner is immobilized on 

an SPR sensor chip and the other binding partner is injected. Upon binding of the injected 

binding partner, the refractive index at the sensor surface increases, resulting in a change of 

the SPR angle. In an SPR experiment, signal changes are described as response units (RU) 

where one RU corresponds to an angle shift of 10-4 degrees 155. In this work, SPR was 

performed with immobilized carbapenemase and unrelated His-tagged protein for aptamer 

candidate screening after SR11.1 and for truncations of promising aptamer candidates after 

SR14.1. Kinetic measurements were further conducted on the His-tag aptamer 

KPC2-H14-01(01) and derivates thereof. The His-NDM-1 specific aptamer 

NDM1-H14.2_Mask-43 and scramble control aptamer ConSc as well as two His-NDM-1 

binding sequences after doped selection were kinetically characterized by SPR. Finally, single 

injections were used as an attempt to characterize weak binder KPC2-H14-05 and two KPC-2 

binding sequences, selected with the masking approach. All kinetic measurements as well as 

single injections were performed with 5’-biotinylated aptamers, immobilized on SPR sensor 

chips. All measurements were performed using a BIAcore T200 facility. The system was 

operating at 25 °C and at flow rates of 10 - 30 µl/min. BP-T* was used as the running buffer 

and for aptamer dilutions. HC200M sensor chips were primed twice with ddH2O and activated 

with 0.2 M 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 0.1 M N-hydroxy-

succinimide (NHS) for 180 s. Regenerations were performed with 20 mM Na2CO3.  
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For measurements with immobilized proteins, immobilization was performed via amine 

coupling for 180 s and the chip was blocked with 1 M ethanolamine for 420 s at a flow rate of 

20 µl/min. Proteins were diluted to 5 - 30 µg/ml in acetate buffer and immobilized at different 

pHs. Protein concentrations as well as pH of immobilization are specified in Table 34. Aptamer 

candidates were activated, diluted to 1 µM and injected with 180 s association and 300 s 

dissociation at a flow rate of 30 µl/min. 

Table 34: Concentration and pH for immobilization of target proteins. 

Protein Concentration [µg/ml] pH 

mPD1-His 15 5.0 

His-NDM-1 15 6.0 

His-KPC-2 30 6.5 

His-OXA-23 5 6.5 

 

For kinetic measurements, 20 - 30 µg/ml NeutrAvidin in 10 mM acetate buffer was immobilized 

via amine coupling at a pH of 5.5 for 120 s. The chip was blocked with 1 M ethanolamine for 

420 s at a flow rate of 20 µl/min. 5’-biotinylated aptamers were diluted to 1 µM, activated, and 

further diluted to 0.1 µM. Aptamer immobilization was performed at a flow rate of 10 µl/min and 

stopped at approximately 100 RU. Remaining NeutrAvidin binding sites were blocked with 

40 µM biotin for 120 s at a flow rate of 20 µl/min. Analytes were diluted to their final 

concentration and injected to both the ligand-bound channels and the reference channel. For 

kinetic measurements injections were performed with 180 s association and 600 s dissociation 

at a flow rate of 30 µl/min. Kinetic parameters were calculated using BIAevaluation software. 

For the attempt to characterize the weak binder KPC2-H14-05 as well as 

KPC2-H13.3_Mask-41 and KPC2-H13.3_Mask-126, 100 nM His-KPC-2 was injected for 180s. 

After 60 s, 500 nM of His-KPC-2 were injected for 180 s. 500 nM His-NDM-1 and mPD1-His 

were injected for 180 s with a dissociation for 600 s.  

8.12. Sandwich Assays 

Sandwich assays are composed of three key elements – the analyte, recognition molecules 

and a reporter molecule. Reporter molecules, for example enzymes, fluorescence tags, redox 

tags or radioactive isotopes, are usually attached to a recognition molecule. Upon or in 

response to binding of an analyte to the recognition molecules a signal becomes measurable, 

indicating the presence of the analyte in a sample. Sandwich assays play an important role in 

the fields of bio detection, clinical diagnostics, environmental monitoring, and quality control as 

the requirement for binding of at least two recognition molecules to one analyte make them 

highly specific 197.  



119 
 

8.12.1. MTP-based Sandwich Assays 

In this work, sandwich assays were inter alia performed in an MTP format. 5’-biotinylated 

aptamers were immobilized on SA-coated MTP as capture probes. The analytes were added 

for a first analyte recognition by the capture probes. Detection was facilitated by incubation 

with HRP-labelled antibodies, as a second analyte recognition step, followed by addition of the 

HRP substrate TMB and absorption measurement at 450 nm. For detection of His-KPC-2 and 

His-NDM-1, 5’-biotinylated aptamers KPC2-H14-05, KPC2-H13.3_Mask-41, and _Mask-126 

and NDM1-H14.2_Mask-43 were diluted to 250 nM in aptamer binding buffer and activated. 

25 pmol of activated aptamer were applied per well to six wells per aptamer (3x detection wells 

and 3x negative control wells) and incubated for 1h. Six further wells were incubated with BP-T 

(3x His-KPC-2 only detection wells and 3x negative control wells). Wells were washed thrice 

and blocked with 5000 pmol biotin for another hour. For detection of His-KPC-2, 100 µl BP-T, 

either supplemented with 80 pmol His-KPC-2 or without supplementation, were added to either 

detection or negative control wells. After 1 h of incubation, 100 µl of a HRP-labeled anti-penta-

His antibody, diluted 1:600 in BP-T, were added per well and incubated for 30 min. For 

detection of His-NDM-1, 100 µl BP-T, either supplemented with 60 pmol His-NDM-1 or without 

supplementation, were added to either detection or negative control wells. After 1 h of 

incubation, 100 µl of a polyclonal rabbit-anti-NDM-1 antibody, diluted 1:5000 in 1x Rotiblock, 

was added per well and incubated for 30 min. After washing thrice, wells were incubated with 

a HRP-labeled, secondary anti-rabbit antibody, diluted 1:1000 in 1x RotiBlock, for 30 min. After 

antibody incubation, wells were washed thrice and incubated with 100 µl TMB solution until a 

blue color was detected. The reaction was stopped by addition of 50 µl 2 M H2SO4 and 

absorption was measured at 450 nm by EnVision® 2105 multimode plate reader. All incubation 

and washing steps were performed at 23°C and 300 rpm using a thermomixer. Washing was 

performed for 90 sec with BP-T. Measurements were performed as triplicates. Absorption 

values were averaged, and signals derived from negative control wells were subtracted. Error 

bars reflect the standard deviation of detection wells plus the standard deviation of negative 

control wells.  
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8.12.2. Lateral Flow Device (LFD)-based Sandwich Assay  

Additionally, an aptamer-based sandwich assay LFD was developed by Katharina Fedorov 

from our project partner nal von minden GmbH. The preparation and testing of the LFD was 

divided into four steps. 

Conjugate preparation  

Conjugation was carried out according to a modified version of the protocol established by 

Deka et al. 198. For conjugation of 5’-HS-TEG modified KPC2-H13.3_Mask-41 with gold 

particles (~ 40 nm, OD 1,776) at pH 5.0, the aptamer (v = 30 µl; c = 0.1 nmol/µl) was activated 

as described before. Afterwards, the aptamer was mixed with 1 ml of gold particles and left for 

10 min. The conjugation requires acidic pH, which was achieved by adding 1.5 ml citrate-HCl 

buffer of pH 4.31. After 30 min of incubation, 20 µl (11-Mercaptoundecyl)-tetraethylenglykol 

(MUTEG) was added to the mixture and incubated for another 10 min. This step is required to 

stabilize the conjugate and to saturate free binding sites of the colloid. The solution was 

centrifuged two times at 15,000x g and the supernatant was discarded to remove unbound 

aptamers and MUTEG molecules from the functionalized gold particles. Subsequently, the 

pellet was washed by resuspension in 1000 µl ddH2O and centrifugation at 15,000x g for 

30 min. After determination of the pellet volume, 5.92 µl gold stabilization buffer was added 

and filled up to 59.2 µl with ddH2O. 

Membrane coating  

For the coating solution 1.4 nmol 5’-biotinylated KPC2-H14-05 were activated as described 

before. After addition of 420 pmol NeutrAvidin, the solution was shaken at 500 rpm at room 

temperature for 25 min. Subsequently, 5 pmol biotin and 3.5 µl 10x aptamer binding buffer 

were added and filled up to 35 µl with ddH2O. The coating solution was incubated at room 

temperature and 500 rpm for another 25 min. The membrane was placed and pressed onto 

the backing card. After adjustment of the dispenser, the card with the membrane was placed 

onto the dispenser table. Theron, 1 µl/cm (16 pmol/4 mm) coating solution was applied onto 

the membrane. The membrane was dried in the incubator at 40 °C and a relative humidity of 

10% over night (> 12 h).  

Assembling  

Assembling of the uncut sheet was performed by attaching the absorbent pad above and the 

sample pad (pretreated with 1% Tween-20) beneath the coated membrane onto the backing 

card. The absorbent pad and the sample pad were placed on the backing card in a manner 

that ensures overlapping with the membrane. Afterwards, the uncut sheets were cut in 4 mm 

strips, which were inserted in the test cassettes.  
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Test performance: Sandwich assay  

To perform the sandwich assay, six testing reactions were pipetted into Eppendorf tubes. Each 

reaction contained 1 µl Tween-20 (10%), 1 µl 10x aptamer binding buffer, 2 µl of the conjugate 

and either 0, 1, 2, 3, 4 or 5 µl of His-KPC-2 (0.1 mg/ml) filled up to 100 µl with ddH2O. The 

testing reactions were vortexed and incubated for 15 min at room temperature before pipetting 

onto the test cassettes. The results were determined after 10 min by using the gold color card. 
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14. Appendix 

14.1. Appendix Figures 

 

 

Appendix Figure 1: Byproduct formation visualized by UV radiation after gel electrophoresis of the PCR product 

after PCR2a of SR8.1, selected against His-NDM-1 (2a). The black arrow indicates the PCR product at the expected 

length of 80 bp. The red arrows indicate byproducts at approximately 130 bp and below 50 bp. NTC = no template 

control, L = 50 bp DNA ladder. 
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Appendix Figure 2: Characterization of aptamer candidates selected against His-KPC-2 and His-NDM-1 after 

SR11.1 by SPR. Response units over the course of 500 s are shown. Injection of aptamer candidates did not result 

in binding signals derived from the His-NDM-1 (A) and the His-OXA-23 (B) channels. (C) Binding to the reference 

channel with immobilized mPD1-His was also not observed. 
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Appendix Figure 3: SPR analysis of aptamers KPC2-H14-01(01), KPC2-H14-01(01)-R, KPC2-H14-01(01)-F and 

KPC2-H14-01(01)-FR as well as KPC2-H14-08 and KPC2-H14-08-FR binding to immobilized carbapenemases 

(A) His-KPC-2, (B) His-NDM-1, (C) His-OXA-23. Response units over the course of 500 s are shown. Unrelated 

protein mPD1-His was immobilized on the reference channel. The reference signal was subtracted. Negative 

binding curves indicate the strongest binding signal for mPD1-His. 
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Appendix Figure 4: Structural alignment of NDM-1 and KPC-2. Crystal structures of NDM-1 (green) 125 with ligands 

succinic acid (C4H6O4, depicted in green and red), Zn2+ (purple), 1,2-ethanediol (C2H6O2, depicted in green and 

red) and OH- (red) and KPC-2 (cyan) 126 with ligand SO4
2- (depicted in yellow and red) were aligned by PyMOL.  
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14.2. Appendix Tables 

Appendix Table 1: Concentration of immobilized His-KPC-2, coupling efficiency and use as target and negative 

selection target (selection against His-NDM-1). 

Concentration 

[pmol/µl 

beads] 

Coupling 

efficiency [%] 
Used as the targets for SRs 

Used as negative 

selection target for 

SRs 

9.9 82 1.1 - 2.1 - 

9.0 72 1.2 - 5.1 5.1 - 6.1 

6.7 97 6.1 - 8.1 7.1 - 7.2 

3.7 98 8.1 8.1 

4.6 75 9.1 - 10.1 9.1 - 10.1 

14.2 92 11.1 11.1 

10.8 100 12.1 

- 

9.8 86 13.1 - 14.1 

7.8 100 
12.2_Comp - 14.2_Comp 

11.2_Mask - 12.3_Mask 

5.3 100 13.3_Mask 

20 93 12.2_Co2+-NTA - 14.2_Co2+-NTA 

Appendix Table 2: Concentration of immobilized His-NDM-1, coupling efficiency and use as target and negative 

selection target (selection against His-KPC-2). 

Concentration 

[pmol/µl beads] 

Coupling 

efficiency [%] 

Used as the targets for 

SRs 

Used as negative 

selection target for SRs 

3.4 32 - (Pretests) - 

7.6 94 1.1 - 4.1 - 

10.5 86 5.1 - 7.1 5.1 - 6.1 

7.9 78 6.2 - 8.1 7.1 - 10.1 

11.8 98 9.1, 11.1 - 

4.7 61 10.1 11.1 

10.6 78 12.1 

- 

7.5 87 13.1 - 14.1 

10 100 11.2_Mask - 14.2_Mask 

5 96 DSR1.1 -3.1 

18 69 DSR4.1 
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Appendix Table 3: Concentration of immobilized His-OXA-23, coupling efficiency and use as negative selection 

target. 

Concentration 

[pmol/µl beads] 

Coupling 

efficiency [%] 

Negative selection target 

(His-KPC-2 selection) 

SRs 

Negative selection target 

(His-NDM-1 selection) 

SRs 

8.4 93 8.1 - 10.1 8.1 - 9.1 

3.4 28  10.1 

2.2 25 11.1 11.1 

Appendix Table 4: Concentration of immobilized mPD1-His, coupling efficiency and use as negative selection 

target. 

Concentration 

[pmol/µl beads] 

Coupling 

efficiency [%] 

Negative selection target 

(His-KPC-2 selection) 

SRs 

Negative selection 

target (His-NDM-1 

selection) SRs 

6.5 33 
12.2 - 13.2 (_Mask, 

_Comp, _Co2+-NTA) 
 

8.4 59 
14.2 (_Comp, _Co2+-NTA) 

+ 11.2_Mask - 13.3_Mask 
 

6.7 46  11.2_Mask - 12.2_Mask 

9.1 60  13.3_Mask - 14.2_Mask 

15.5 65  DSR1.1 - DSR4.1 

Appendix Table 5: Concentration of immobilized CFHR1-His, coupling efficiency and use as negative selection 

target. 

Concentration 

[pmol/µl beads] 

Coupling 

efficiency 

[%] 

Negative selection target 

(His-KPC-2 selection) 

SRs 

Negative selection 

target (His-NDM-1 

selection) SRs 

12.5 82 - 13.3_Mask - 14.2_Mask 
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Appendix Table 6: Identified sequence motifs after analysis of NGS data. 

Selection 

Round 

Analyzed 

sequences 
Identified Motif 

Number of 

sequences 

NDM1-H11 50 CGGCGATAACAAAAAAAAA 5 

KPC2-H11 50 CGGCGATAACAAAAAAAAA 4 

NDM1-H14 50 

CATAGACGACGAAGAACA* 20 

TGTATCTGGTGGTCTATG 9 

GGGGGACTGCTCGGGATTG  4 

TTCTTCT 3 

KPC2-H14 50 

CATAGACGACGAAGAACA* 16 

TGTATCTGGTGGTCTATG 8 

GGCGGGGGG-6-20(N)-GGGGGGATGG 6 

GGGGGACTGCTCGGGATTGC 4 

TTATTTT 4 

TTCTTCT 3 

KPC2-H13.3_

Mask 
300 

GGACATTTTTGGTTTTTGGGTACTCCTCC 17 

CGGCGATAACAAAAAAAA 16 

AGGAG-0-3(N)-ATTA 8 

AGATCACCAGATACCCAGATACG 7 

TTGCTCGTTTAAAAAAA 6 

ATAAACAGGGGGA 4 

GTTACATCTCGTT 4 

CTTCCTT-0-7(N)-CTTTT 4 

GTGTTC-10-11(N)-TTCAA 4 

GCCG3-6(A)T-2-9(N)-CTCTT 3 

CTAACACGTTTTTTTACCTTATACTTGCGG 3 

NDM1-H14.2_

Mask 
100 

CTTTT-3-20(N)-TCC 15 

CGGAGGTCTAAAAAAAAAAAA 7 

AAAAAAAAAA-0-4(N)-CAAA 6 

CCG-5-10(N)TC-6-19(N)-TTTTCTT 5 

GGG-3-14(N)-TGGGG 5 

NDM1-DSR4 50 

CGCAGTGTTCGATGAGAGTCATTCAAAGCAT 18 

CACACGCTAAAAGGAAATTAGAAGTCGTCTT 9 

AGGACATTTTTGGTTTTTGGGTACTCCTCC 8 

CGAGAAAAGTTCTGTCGTCTAAAAAGTTCTT 4 

AGCCGCAAAAAATAAAAGCCTAACGAGG 4 

TCTTTTCTTT 3 

 


