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SUMMARY 

 

There are three main methods used to immobilize proteins for the 

development of biosensors: physical adsorption, covalent linking and bioaffinity 

interactions. Each of these methods has advantages and disadvantages but none of 

them provide a simple and straightforward way to allow the co-immobilization of 

proteins in a specific pattern. The objective of this doctoral thesis is to develop a 

novel immobilization system based on bioaffinity interactions with these 

characteristics in the context of biosensor applications.  

Specifically, the aim was to explore the use of DNA binding proteins in 

biosensors mainly as universal detection molecules. The specificity and high affinity 

that these proteins exhibit for their respective double stranded DNA (dsDNA) 

sequence was thus exploited in order to develop a protein immobilization technique 

that allows the controlled co-immobilization of several proteins. The proposed 

system is based on the utilization of these DNA binding proteins as fusion tags for 

the target proteins to be immobilized and the use of dsDNA as the template to direct 

protein co-immobilization by specific positioning of the target DNA sequences of the 

DNA binding proteins. The preparation and characterization of two novel enzyme-

DNA binding protein conjugates is described and their use for detection and signal 

amplification in biosensors for the detection of nucleic acid and protein targets is 

demonstrated.  

The thesis is divided in six chapters: 

Chapter 1 contains a general introduction and literature review, which 

includes a brief description of the system for controlled co-immobilization of several 

proteins. In addition, an overview of DNA binding proteins, their preparation and 

conjugation are presented in this chapter.  

The first application of the proposed system is described in Chapter 2. A 

novel DNA sensing platform is designed based on a scCro DNA binding protein tag-

HRP enzyme conjugate and a hybrid single stranded DNA-double stranded DNA 

(ssDNA-dsDNA) detection probe for the model ssDNA target high-risk human 
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papillomavirus (HPV16). The number of HRP molecules associated with each target 

DNA molecule is controlled by the number of DNA binding sites on the hybrid 

ssDNA-dsDNA detection probe and the ssDNA target is detected using an enzyme 

linked oligonucleotide assay with improved detection signal. The described 

platform serves as a proof of concept for the protein co-immobilization system. It is 

universal since the HRP-scCro protein conjugate can be used for the detection of any 

ssDNA target by changing only the ssDNA part of the hybrid ssDNA-dsDNA detection 

probe. 

An alternative design of the protein co-immobilization system is 

demonstrated in Chapter 3. Two different DNA binding protein-enzyme conjugates 

are used together with a simple DNA nanostructure for the detection of ssDNA 

target, using again the HPV16 as model target. The DNA nanostructure, which is the 

hybrid ssDNA-dsDNA detection probe, performs two functions: its ssDNA part is 

complementary to the target sequence and serves for target recognition whereas 

the dsDNA part provides signal generation through the specific binding sites for the 

two different DNA binding protein tags of the enzyme conjugates. The two enzyme-

DNA binding protein conjugates GOx-dHP and HRP-scCro form an enzymatic 

cascade which results in signal generation that does not require the external 

addition of hydrogen peroxide. The effect of enzyme ratio on the obtained signal is 

also examined by using different designs of the detection probe.  

The possibility of using the protein co-immobilization system for non-nucleic 

acid targets such as proteins is demonstrated in Chapter 4 by using DNA aptamers. 

This novel strategy requires a pair of aptamers (dual aptamers) which are modified 

in a way that each aptamer contains the specific dsDNA binding site for each of the 

GOx-dHP and HRP-scCro enzyme conjugates. One aptamer serves for target 

capturing, whereas the second one for detection in a sandwich-type aptasensor, 

where signal is generated as a result of the simultaneous binding of each enzyme 

conjugate to each modified aptamer sequence. This system was evaluated for 

thrombin detection and the limit of detection achieved was comparable to other 

systems reported in the literature. The possible use of this detection system in low 
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resource settings at the point of care is also demonstrated by a preliminary paper-

based, lateral flow assay. 

A more detailed study on the use of DNA binding proteins in lateral flow 

assays is provided in Chapter 5. Here, a novel direct detection method of the target 

DNA sequence after PCR amplification is described utilizing the report system based 

on DNA binding proteins and specific dsDNA sequences in a lateral flow 

configuration. Direct detection of the target dsDNA PCR product without the need to 

generate ssDNA after the PCR step is achieved by incorporating the DNA binding 

sequence recognized by the DNA binding protein in the reverse PCR primer 

sequence. The forward primer is also modified with a label (Alexa Fluor 488) to 

enable target amplicon capture on the lateral flow strip by a specific monoclonal 

antibody binding the Alexa Fluor 488 label. Detection is accomplished using three 

different approaches: with a scCro/carbon nanoparticle conjugate (carbon black 

color), HRP-scCro enzyme conjugate (HRP precipitating red dye color) and HRP-

scCro/carbon nanoparticle conjugate (carbon black plus HRP precipitating red dye 

color). The system is validated for the detection of Shiga-toxin producing Escherichia 

coli and low limits of detection are achieved.  

This thesis concludes in Chapter 6 with a summary and comments on the 

significance of the completed work and the future perspectives of this research.
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Chapter 1: General introduction 

 

1.1 DETECTION METHODS IN BIOSENSORS 

 

Biosensors are analytical devices that convert a biological response due to 

the presence of an analyte to a detection signal. They have a wide range of 

applications such as medical diagnostics, drug discovery, food safety, process 

control and environmental monitoring among others 1. A biosensor is comprised of 

the bioreceptor, the transducer and the signal producing elements (Fig. 1.1). The 

bioreceptor element is responsible for the detection of the analyte and can include 

organelles, tissues, cell receptors, microorganisms, enzymes, antibodies, antigens, 

nucleic acids and others. An important step in the development of biosensors is the 

method used to generate a signal from the detection event of the analyte by the 

bioreceptor. 

 

 

 

Figure 1.1: A general biosensor configuration. 

 

Several methods have been developed for this signal generation step based 

on different kinds of processes, such as electrochemical, optical, piezoelectric, 

radioactive, and others 2. These methods can be divided in two main groups: label-
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free and label-based (Fig. 1.2). Label-free technologies have the advantage that the 

analyte can be observed directly without the use of any labeling but require 

expensive instruments and trained personnel to perform the experiments and 

analyze the data 3. Examples of label-free techniques include mass spectrometry, 

microcantilevers, surface plasmon resonance (SPR), isothermal titration 

calorimetry (ITC), surface acoustic wave sensors and differential scanning 

calorimetry (DSC). 

 

 

 

Figure 1.2: Schematic diagram of biosensor detection methods. 

 

On the other hand, label-based biosensors in general do not require high cost 

equipment and in some cases can be integrated as point-of-care (POC) sensors 

because they can be assessed by naked-eye. Label-based techniques utilize tags that 

are attached to the analyte (either covalently or non-covalently) for detection. The 

most common types of labels are fluorescent, enzymatic and nanoparticles (Fig. 1.3).  
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Figure 1.3: Schematic diagram of label based biosensor. 

 

1.1.1 Fluorescent labeling 

 

Fluorescence probes are generally preferred for target labeling since they are 

stable, easy to manipulate, and provide a sensitive signal. Different types of 

fluorescent molecules respond to different wavelengths and can be easily detected 

as different colors 4. The main advantage of fluorescent dyes lies in the lack of need 

to add any substrate, unlike in the case of enzymes 5. However, light exposure is 

usually needed to excite the fluorophore (Fig. 1.4). Additionally, fluorescent dyes are 

sensitive to environment conditions such as light, pH, temperature and solvents 6.  

 

 

 

Figure 1.4: Schematic diagram of fluorescent tagged target detection. 
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1.1.2 Nanoparticle labeling 

 

Nanoparticles have unique optical and electronic properties that make them 

very suitable for labeling applications 7. In addition, they allow the immobilization 

of a large number of detection biomolecules and these results in an increased 

detection sensitivity and lower target detection limit. Gold nanoparticles (AuNPs) 

are one the most utilized noble metal nanoparticles for biosensor applications. They 

are easy to prepare and modify and are compatible with biomolecules.  AuNPs can 

be modified through covalent linking via sulfide bonds (thiol to gold) as well as by 

physical adsorption. These nanoparticles have been used for coupling to different 

types of molecules such as proteins 8,9, DNA 10-12, toxic compounds 13 and peptides 

14 and a wide variety of colorimetric biosensors have been developed 15.  

Carbon based nanoparticles are another common type that provide an easy 

and well documented functionalization by adsorption of the molecule on the surface. 

Studies show that carbon nanoparticles labeling provides good sensitivity even for 

naked-eye detection 16. Colloidal carbon nanoparticles usually are polydispersed 

contrary to gold nanoparticles that are monodispersed (Fig. 1.5).  

Other types of nanoparticles also exist such as magnetic nanoparticles 17,18, 

quantum dots 19 and silver nanoparticles that have been developed and utilized in 

various biosensor sensing platforms 20.  

One of the main disadvantages of nanoparticles is their big size compared to 

the target that can cause steric hindrance effects and prevent efficient binding to the 

target.  
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Figure 1.5: A) Gold and B) carbon nanoparticles with different ligand 

modification onto their surfaces, such as DNA and proteins.  

 

1.1.3 Enzyme labeling 

 

Enzymes are often used for the detection of analytes providing high 

sensitivity and specific signal generation. Enzyme-based biosensors are among the 

most widely used ones 21, with the enzymatic glucose biosensors, used for the simple 

self-monitoring of blood glucose levels, being one of the main examples 22,23. This 

type of biosensor uses oxidoreductase enzymes coupled with an electrochemical 

detection system where an electron transfer process, which is a function of glucose 

concentration, is quantified 24. Enzymes have not only been used for electrochemical 

detection but also for colorimetric. Furthermore, optical and electrochemical 

biosensors employ enzymes as labels that can be used as tags for signal generation 

to detect the target of interest. In some cases, enzyme-based biosensors can 

incorporate nanoparticles for enhanced sensitivity.   

Horseradish peroxidase (HRP) is one of the most widely used enzymes for 

detection because of the straightforward catalytic reaction, small size and high 

stability. HRP is an oxidoreductase enzyme that uses hydroperoxides as electron 

acceptor. By means of a redox reaction with redox active molecules that change 
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color, it can easily generate a signal that can be read 25. A typical example of the 

utilization of HRP as a label is the detection of ssDNA where a detection probe 

complementary to the target ssDNA is conjugated to HRP 26,27.  

 

1.2 PROTEIN IMMOBILIZATION 

 

Many of the signal generation methods described above employing labels 

require the immobilization of a protein. This immobilization may be to a surface, 

such as the immobilization of an enzyme on the surface of an electrode or an 

antibody on the surface of a nanoparticle. A different type of immobilization is the 

union of a reporter to a detection molecule, for example the linking of ssDNA 

detection molecule to a reporter enzyme such as HRP. The most common types of 

protein immobilization methods used in the context of biosensors are described 

next 28. 

 

1.2.1 Physical adsorption 

 

Physical adsorption involves hydrogen bonding, van der Waals forces, 

electrostatic forces and/or hydrophobic interactions between the protein and the 

surface. This approach is widely utilized in biosensors because it is easy to perform 

and at a low cost.  

Simple and robust sensing platforms can thus be produced through physical 

adsorption and used in biosensors 29. Adsorption results in random orientation of 

the immobilized protein on the surface (Fig. 1.6). The immobilization process can be 

reversed by changing the conditions such as pH, ionic strength, temperature, or 

polarity of the solvent. However, immobilized proteins preserve their function due 

to the minimum modifications caused by the physical adsorption process.  
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Figure 1.6: Physical adsorption onto biosensor surface.  

 

The physical characteristics of the biosensor matrices determine the 

performance and conditions of the immobilized protein 30. Depending on the protein 

charge and the polarity, various matrices can be chosen: nitrocellulose membranes 

or polystyrene microtiter plates for hydrophobic adsorption and polylysine-coated 

slides for electrostatic binding. Due to the non-covalent nature of the 

immobilization, the protein can leach out from the matrix depending on the 

interaction strength and result in loss of activity over time. Moreover, since there is 

no control mechanism for the density of the immobilized proteins on the surface, 

their activity may be further reduced by steric hindrance effects 31,32. 

 

1.2.2 Covalent binding 

 

Direct covalent linking of proteins to surfaces or other molecules occurs 

through the chemical reaction with the side groups of the protein’s amino acids, like, 

lysine, cysteine, aspartic acid and arginine. Lysine aminoacids are abundantly 

present in proteins and can be exposed 6% to 10% over the protein surface 33,34 and 

they can provide stable chemical linking. On the other hand, cysteine contains a 

reactive thiol group that can form a disulfide bond. Opposite to the lysine case, 

cysteine is less commonly present or exposed on the surface of proteins 35. The side 

chains of the glutamic and aspartic acid contain a carboxyl group that reacts with 

amines using the routine coupling chemistry 36. 
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There are many ways in which the biosensor surface can be modified with 

reactive groups, such as carboxyl, maleimide, amine, iodoacetamide and 

isothiocyanate groups to react with the amine, thiol, carboxyl, or carbonyl groups of 

the proteins to allow for a higher specific activity and stability with controlled 

protein orientation29,37,38. Because covalent binding is usually an irreversible 

process, proteins immobilized using this approach is stable and do not detach easily 

from the surface even after multiple utilization cycles of the biosensor.  

 

 

 

Figure 1.7: Covalent linking of proteins to a surface. 

 

As in the case of physical adsorption, random orientation may also occur if 

the desired protein has multiple reactive groups on its surface. Thus, covalent 

binding also suffers from a heterogeneous distribution of protein orientation and 

this may result in a reduction of activity of the immobilized protein or accessibility 

to targets in the solution phase 39,40. Furthermore, the conjugation of a protein 

aminoacid may also directly affect protein activity and stability 41,42. 

In some cases the random orientation can be eliminated with site-specific 

covalent immobilization through a single engineered surface exposed reactive 

group. Two unique and mutual reactive groups on protein and surface are needed 

for this process 43-45.  

 

1.2.3 Bioaffinity interactions 

 

Over the years, a number of protein-protein and protein-small molecule 

binding interactions have been discovered. The development of bioanalytical assays 
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based on bioaffinity goes back to the early 1960s 46. Taking advantage of the 

bioaffinity interactions, a number of proteins have been immobilized onto surfaces 

by pairing the protein and surface with the respective pair of interaction elements 

(Fig. 1.8).  

Some examples of well known bioaffinity interactions commonly used are 

(strept)avidin/biotin 47,48, polyhistidine-tag/transition metal ions 49,50, host/guest 

system 51 and antibody/antigen based interaction 52. The (strept)avidin/biotin 

interaction is the strongest bioaffinity interaction that has been discovered, with a 

dissociation constant of KD=10-15 M. Typically, the surface of a biosensor is modified 

by introducing biotin groups or (strept)avidin that in turn bind to (strept)avidin or 

biotin-modified proteins respectively.  

Histidine is an aminoacid that exists naturally in proteins and can be 

engineered at a protein terminal end to interact with immobilized metal ion 

matrices. The electron donor groups on the histidine imidazole ring readily form 

coordination bonds with the immobilized transition metal.53 This method is based 

on adding a histidine motif (at least six) to the protein of interest that provide a 

strong interaction to a nickel- or cobalt-coated surface usually by means of an 

immobilized chelator 38. One of the limitations is low affinity and specificity due to 

the existence of other naturally occurring proteins that also display affinity to nickel 

nitrilotriacetic acid (Ni-NTA) resin. In certain applications this limitation can 

complicate the specificity of the immobilization procedure 54.  

In the antibody-based interaction, protein A is the most widely used protein 

for the direct immobilization of antibodies due to its strong interaction with the Fc 

region of immunoglobulins. This interaction with the Fc still allows the antibodies 

to bind their corresponding antigen targets 38. 

The orientation of a protein immobilized through affinity interactions 

depends on the stoichiometric relationship between affinity elements and ligands 

that can result in random orientation. In case of the streptavidin/biotin interaction, 

streptavidin has four biotin binding sites and as a result, the orientation cannot be 

controlled. 
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Figure 1.8: Bioaffinity-based protein immobilization.  

 

It is known that controlling the orientation and coupling of different proteins 

is critical for the optimal biosensor functionality (Fig. 1.9) 55. Current techniques 

cannot formulate a general immobilization strategy for controlled co-

immobilization in a simple and straightforward way. 

 

 

 

Figure 1.9: Difference between A) random and B) orientated protein 

immobilization. 
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1.2.4 Novel affinity-based protein immobilization approach 

 

An additional immobilization approach through bioaffinity is the use of DNA 

scaffolds to immobilize proteins. One recent example is to use a protein-ssDNA 

conjugate to immobilize onto a biosensor surface that is covered with the 

complementary ssDNA sequence 56. This approach provides a stable and universal 

biosensor surface based on the high specificity of dsDNA base pairing. The drawback 

is the requirement of the laborious ssDNA labeling of proteins.  

The development of an alternative bioaffinity immobilization approach is the 

aim of this thesis. The proposed system is based on dsDNA scaffolds to direct 

organized protein immobilization, by exploiting the highly specific interaction 

protein/dsDNA that some proteins posses (Fig. 1.10). This method does not need 

direct conjugation of DNA to a protein. Therefore, sequence specific DNA binding 

proteins can be used as tags, of the protein of interest to immobilize, that bind to 

specific sequences of dsDNA with high affinity. This approach allows the easy 

control of the protein co-immobilization pattern by specifying the distribution of the 

sequence binding sites of these DNA binding proteins on the dsDNA scaffold. No 

modification is required of the dsDNA scaffolds, they just need to be designed to 

contain specific sequences at the desired positions of the DNA binding proteins. This 

approach is not limited to a single DNA binding protein, the use of multiple DNA 

binding protein tags with different sequence specificities can also be utilized to 

obtain co-immobilization of multiple proteins in a specific pattern. This novel 

methodology not only can be used on the biosensor surface but also as part of the 

detection element of the biosensor.  
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Figure 1.10: Schematic diagram of proposed immobilization system with 

multiple DNA binding sites on dsDNA. 

 

1.3 DNA BINDING PROTEINS 

 

DNA binding proteins (DBPs) are proteins that have affinity for DNA 

molecules. These proteins can bind to double or single stranded DNA with sequence 

specificity or not. DNA binding proteins have different functions in vivo to regulate 

cellular processes such as transcription, translation, gene silencing, microRNA 

biogenesis and telomere maintenance 57. DNA-protein binding originated 

specifically or non-specifically from polymerases and histones. Specific protein-DNA 

binding is essential for the cells and the organelles, and there has been extensive 

research in protein-DNA recognition. Proteins utilize specific DNA binding 

structural motifs to recognize DNA, such as the helix-turn-helix (HTH), 

homeodomains and other three-dimensional structures of both macromolecules 

and are bound by a set of hydrogen bonds, electrostatic and non-polar interactions 

58. Furthermore, the specific protein-DNA interactions originate from the base pairs 

that create a specific DNA structure that is subsequently recognized by the DNA 
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binding protein 59. Fundamentally, DNA-protein binding mechanisms occur via the 

recognition of bases and the recognition of DNA shape (Fig. 1.11.). Even though most 

proteins bind to the major groove of the dsDNA double helix, there are exceptions 

such as TATA box binding protein and HMG-box proteins 60. 

 

 

 

Figure 1.11: Origins of DNA-protein binding specificity 58. 

 

More than 1500 protein-DNA structures have been deposited in the Protein 

Data Bank (PDB). The first protein-DNA complexes that have been crystallized and 

widely investigated are for the Cro repressor 61, λ repressor 62 and Lac repressor 

headpiece 63 bound to their respective DNA operator sequences.  

 

1.3.1 scCro DNA binding protein   

 

The Cro repressor is a homodimeric DNA binding protein that binds to its 

operator DNA with very high affinity and specificity 64. The Cro DNA binding protein 

has an essential role in bacteriophage  in gene regulation by turning off early gene 

transcription during lytic growth 65. Cro protein is one of first sequence specific DNA 

binding proteins for which three-dimensional structures were determined 66 (Fig. 

1.12). 
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Figure 1.12: Scheme of the overall complex of Cro with the operator DNA 

sequence 66. 

 

The three-dimensional structure shows that the DNA is bent by 40° through 

the 19 base-pairs after Cro binding. Hydrogen-bonding and van der Waals contacts 

within the major groove of the DNA play a role in the recognition and binding of the 

Cro helix-turn-helix units and its operator 67.  

The wild type Cro repressor of bacteriophage  binds to a 17-bp operator 

dsDNA as a dimer of two identical 66 residue subunits 68,69. A single chain version 

was developed by linking two Cro monomers through a flexible linker (8 or 16 

residues) 70. These versions of the Cro dimer displayed increased affinity to its 

operator. The dimer Cro with the 16 aminoacid linker (single chain cro, scCro16) 

resulted in a dissociation constant in the picomolar range, (4±2) x 10-12 M, on the 5’-

TATCACCGCAAGTGATA-3’ double stranded sequence 70. 

 

1.3.2 LacI headpiece binding protein  

 

LacI is a lactose repressor protein that binds to the promoter of the lac 

operon to regulate the expression of lactose metabolic genes in Escherichia coli 63. 
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The LacI repressor is a tetramer with 360 aminoacids per subunit which has two 

differenciated domains: the core and the DNA binding region known as headpiece 

(Fig. 1.13 (A)). The N-terminal headpiece domains are responsible for DNA binding 

whereas the inducer binding site is located in the tetrameric core 71.  

The wild type lacI headpiece unit binds to a 23 base-pair dsDNA (5’-

GAATTGTGAGCGGATAACAATTT- 3’) in the major groove of the DNA 72 while the 

minor groove modulates the hinge helix stability (Fig. 1.13 (B)). Combined 

structural and biochemical studies demonstrated the headpiece region contains a 

helix-turn-helix motif responsible for DNA-binding.  

It is known that dimerization increases the stability and strengthens protein–

protein and protein–DNA interactions 73-75. Therefore, a Cys52–Cys529 disulfide 

bond in the hinge region of Lac-HP62 (the first 62 residues of the Lac headpiece) 

was engineered to increase the binding affinity and stability of the LacI headpiece-

DNA complex. Covalent linking of the headpiece monomers through  a disulfide 

bond resulted in enhanced binding affinity towards the operator, four orders of 

magnitude higher than the wild type monomeric form 76.  

 

 

 

Figure 1.13: A) LacI DNA binding protein tetramer 77 and B) LacI headpiece 

binding to its operon (PDB code:1cjg) 63. 
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1.3.3 Methods to prepare protein-protein conjugates  

 

An important step for the proposed system is the linking of the target 

proteins to the DNA binding protein tags. Several methods exist to conjugate two 

proteins (Fig. 1.14). 

 

 

 

Figure 1.14: Possible approaches to link target proteins and DNA binding 

tags.  

 

A possible alternative way to conjugate the target protein to DNA binding 

protein tags is genetic fusion and the subsequent expression (Fig. 1.15). An 

important advantage of this approach is that it does not require chemical 

modification since the fusion protein is directly produced 78. Nonetheless, protein 

aggregation (insolubility) may arise due to folding issues of the two linked proteins 

79,80.  

 

 

 

Figure 1.15: Conjugation of proteins through genetic fusion.  
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An example of an enzyme based approach for the conjugation of two proteins 

is the Sortase A enzyme. It is a post-translational in vitro protein ligation system that 

meditates the covalent ligation between LPETG and GGG aminoacid motifs (Fig. 

1.16). Staphylococcus aureus Sortase A is a bacterial transpeptidase that naturally 

attaches proteins to the bacterial cell wall by cleaving between threonine and 

glycine at an LPXTG recognition motif reacting with an N-terminal glycine, 

regenerating a native amide bond 81. This approach has been increasingly exploited 

due to its high specificity 82. This method requires the cloning of specific amino acid 

sequences on the proteins to be conjugated. 

 

 

 

Figure 1.16: Protein ligation mechanism of Sortase A. 

 

Another method of protein-protein conjugation is the covalent attachment 

between the side chains of two surface exposed reactive groups on the proteins30. 

The functional groups most commonly used to crosslink proteins are lysine, 

cysteine, aspartic and glutamic acid. (Table 1.1) 83.  
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Table 1.1: Reactive functional groups in naturally occurring aminoacids 84. 

 

Reactive group  Aminoacid 

 Primary amine  Lysine 

 
Carboxylic acid  

Glutamic acid 

Ascarpic acid 

 Thiol  Cysteine 

 
Hydroxyl  

Serine 

Threonine 

 Phenol  Tyrosine 

 
Thioether  Methionine 

 

 

 

Imidazole  Histidine 

 
Guanidino  Arginine 

 

The most commonly used chemical groups are amines, thiols and carboxylic 

acids due to their abundance on protein surfaces 85. In the case of amines and 

carboxylic acids, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-

hydroxysuccinimide (NHS) are often used as an activating reagent to form the 

conjugate 86. This crosslinking reaction is performed under specific conditions 

(buffer, pH, temperature etc.) in order to avoid protein denaturation. 

Cysteine side groups are not as abundant as the amines and carboxylic acids 

and this low natural abundance can result in site specific coupling. In case cysteines 

are not present in the protein, they can be easily introduced at a specific position of 

interest by site-directed mutagenesis 84. 
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1.4 THESIS OBJECTIVES 

 

The overall objective of the present doctoral thesis is to develop a protein 

immobilization system that allows the defined and controlled co-immobilization of 

multiple detection elements. This is achieved by linking them to specific DNA 

binding protein tags and by controlling the positioning of the DNA binding 

sequences specific to the DNA binding protein tags on a DNA tether. The proposed 

immobilization system is utilized to develop novel signal generation methods for 

biosensors and other applications to showcase the interesting characteristics of this 

approach. 

To accomplish this overall objective, we have focused on the following 

specific aspects: 

 Expression, purification and characterization of the engineered DNA 

binding proteins (scCro and dHP) to be used as fusion tags. 

 Conjugation of these DNA binding protein tags to enzymes and 

nanoparticles. 

 Evaluation of the enzyme-DNA binding protein tag conjugate HRP–

scCro and its use as a universal tool for signal enhancement in 

enzyme-linked assays. 

 Development of a DNA sensing platform based on enzyme-DNA 

binding protein tags HRP-scCro and GOx-dHP conjugates and simple 

DNA nanostructures. 

 Aptamer-based platform for protein detection utilizing the enzyme-

DNA binding protein tags HRP-scCro and GOx-dHP conjugates. 

 Lateral flow assay for the direct detection of a PCR product via a DNA 

binding protein tag.  

 Use of DNA binding proteins for the immobilization of DNA on the 

surface of biosensors as an alternative to (strept)avindin/biotin-

based approaches.  
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Chapter 2: Novel signal amplification approach in 

genosensors based on DNA binding protein tags 

 

2.1 ABSTRACT 

 

The need for sensitive detection of DNA is growing as more specific DNA 

sequences are being correlated to gene markers for disease diagnosis, food safety 

and other security related applications. Assays based on DNA hybridization have 

been routinely used for this purpose especially in combination with reporter 

enzyme labels like HRP that provide signal amplification. Detection is usually 

achieved with target-specific ssDNA probes conjugated directly to HRP or with 

nanoparticles functionalized with DNA and multiple HRP molecules. In order to 

overcome some of the drawbacks presented by these approaches, we developed a 

unique DNA sensing platform based on an HRP-DNA binding protein tag conjugate 

and a hybrid ssDNA-dsDNA detection probe. This approach facilitates the 

association of more HRP molecules per target molecule compared to the ssDNA-HRP 

conjugates but with a universal conjugate of smaller size and with known 

stoichiometry of reporter enzyme to target molecules compared to nanoparticles. 

By using HRP conjugated to scCro DNA binding protein together with a hybrid 

detection probe containing three scCro-specific dsDNA binding sites, we 

demonstrate an improvement by over 3-fold in both sensitivity and limit of 

detection of high-risk human papillomavirus (HPV16), compared to the standard 

ssDNA-HRP conjugate. These results show that the HRP-DNA binding protein tag 

conjugate can be used as an alternative and universal tool for signal enhancement 

in enzyme-linked assays suitable for integration in point-of-care systems.     
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2.2 INTRODUCTION 

 

With a world market value of US$ 13 billion for 2013 and around 4500 papers 

published every year the field of biosensors is booming both commercially and 

scientifically 1. Genosensors in specific have gained a lot of interest since the 

detection of specific DNA sequences has become essential in medical diagnostics, 

gene expression analysis, detection of infectious diseases and biological warfare 

agents among others. Different approaches have been developed for the detection 

of DNA using colorimetric, fluorescence, electrochemical and optical sensors 2-4. 

Enzyme-linked assays have been routinely used because they are fast, cost-effective, 

relatively easy to perform and they provide amplification of the detection signal as 

a consequence of the rapid conversion of substrates to products that can be readily 

visualized and measured. The principle of signal enhancement in enzyme-linked 

assays is based upon the use of a detection platform that enables the association of 

each target molecule with a reporter enzyme. Horseradish peroxidase (HRP) is one 

of the most common enzymes used in these assays, in various bioconjugate formats 

with DNA probes, nanoparticles or other molecules 5,6. Direct conjugation of the 

ssDNA detection probe with HRP (ssDNA-HRP conjugate) has been used in both 

colorimetric and electrochemical assays as an alternative to biotinylated detection 

probe in combination with streptavidin-HRP 7-10. The signal generated though is 

limited since in general a maximum of one HRP molecule can be linked to each target 

molecule. Furthermore, a new chemical conjugation step is required for each 

additional specific DNA target to be detected (such as different targets or multiplex 

configurations), a process that is both expensive and laborious. Functionalized 

nanoparticles on the other hand have also been used extensively for the detection of 

biomolecules like DNA and proteins 11-15. Their use in biosensing applications 

presents various advantages like large surface areas for functionalization with 

enzyme probes and other detection elements, biocompatibility with biological 

systems and the possibility for “naked-eye” detection 16. Usually the signals obtained 

are very high but the size of the particles can lead to steric hindrance effects and 
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prevent the association of each target molecule with one nanoparticle. Moreover, 

functionalization of the particles in order to provide the link between the target DNA 

and the detection element can be laborious and costly like in the case of ssDNA-HRP 

conjugates. Differences in size distribution and labeling efficiencies with DNA 

detection probes and reporter enzymes have also limited their use 17,18. 

In this work we propose a DNA sensing platform that facilitates the 

association of more HRP molecules per target molecule compared to the ssDNA-HRP 

conjugates (Fig. 2.1A, i) but with a well-defined and reproducible conjugate that 

provides known stoichiometry of the reporter enzyme to target molecules 

compared to nanoparticles. It relies on the use of a DNA binding protein tag 

conjugated to HRP in conjunction with hybrid ssDNA-dsDNA detection probes as 

illustrated in Fig.2.1A (ii and iii). The ssDNA part of the detection probe is 

complementary to the target while specific DNA binding sites for the DNA binding 

protein tag are arranged on the dsDNA part in order to facilitate the simultaneous 

co-immobilization of multiple HRP molecules through the binding of the HRP-DNA 

binding protein tag conjugate (Fig 2.1B). Increase of the number of DNA binding 

sites on the detection probe is expected to increase the number of HRP molecules 

associated with each target molecule, ultimately leading to higher signal 

amplification. In this work, we demonstrate such increase in signal amplification for 

an enzyme-linked genosensor assay. Specifically, the proposed method has been 

evaluated for the detection of high-risk human papillomavirus (HPV16) DNA. HPV 

testing using a DNA-based assay is a fundamental element in cervical cancer 

screening, especially for type 16 that is one of the two most carcinogenic genotypes 

19. 
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Figure 2.1: (A) Genosensor signal amplification approaches using (i) a 

detection ssDNA probe conjugated to HRP and (ii) an HRP-DNA binding protein 

conjugate in combination with hybrid ssDNA-dsDNA detection probes containing 

one and (iii) three DNA binding sites. (B) Hybrid ssDNA-dsDNA detection probe 

containing three scCro DNA binding sites (in dark green) with HRP-scCro conjugate 

bound. The target detection ssDNA part is shown in red and the dsDNA part in light 

green. 

 

2.3 EXPERIMENTAL 

2.3.1 Materials 

 

PCR reagents, restriction enzymes, maleimide-activated HRP, HisPure Ni-

NTA-agarose, SP Sepharose FF and streptavidin-coated microplate strip plates were 

purchased from Fisher Scientific (Barcelona, Spain). Con-A sepharose 4B and 

antibodies were obtained from Sigma-Aldrich (Madrid, Spain) and the Immun-Blot 

PVDF membrane from Bio-rad (Barcelona, Spain). The pscCro16 construct was 

kindly provided by Prof. M. C. Mossing (University of Mississippi, USA). The DNA 

oligonucleotides were purchased from Sigma-Aldrich (Madrid, Spain) and 

Biomers.net (Ulm, Germany) and their sequences are shown in Table S-2.1 in the 
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supplementary material. All other reagents were purchased from Scharlau 

(Barcelona, Spain), Fisher Scientific (Barcelona, Spain) and Sigma-Aldrich (Madrid, 

Spain). 

 

2.3.2 Cloning, expression and purification of the DNA binding protein 

 

Covalently linked homodimeric cro repressor gene (sccro16) was PCR-

amplified from pscCro16 construct 20 using forward and reverse primers designed 

appropriately in order to add an N-terminal cysteine residue and a C-terminal 

polyhistidine tag to the expressed protein. The gene was digested with NdeI and 

HindIII restriction enzymes and ligated into NdeI- and HindIII-digested pET22b 

plasmid. After confirmation of the correct sequence by DNA sequencing, the 

resulting construct was transformed in chemically competent E. coli BL21(DE3) 

cells, the culture was grown at 37°C until OD600nm ≈ 1 and the expression of cys-

scCro was induced by the addition of 0.05 mM IPTG. The culture was grown post-

induction for 3 h at 30°C, the cells were harvested, resuspended in lysis buffer (50 

mM Tris-HCl pH 7, 5 mM DTT, 5 % glycerol, 5 μg/ml DNase I, 0.5 % Triton X-100) at 

5 ml per gram of wet cell weight and then lysed by sonication on ice for 10 min. The 

cell lysate was centrifuged at 14,000 rpm at 4°C and the soluble fraction 

(supernatant) was loaded on an immobilized metal ion affinity chromatography 

(IMAC) gravity column packed with HisPure Ni-NTA-agarose resin pre-washed with 

equilibration buffer (10 mM phosphate buffer, 300 mM NaCl, 10 mM imidazole). The 

column was washed with equilibration buffer containing 15 mM imidazole and the 

protein was eluted with the same buffer containing 500 mM imidazole. The buffer 

of the IMAC elution fraction was exchanged to 50 mM potassium phosphate pH 7, 1 

mM EDTA, 5 mM DTT and the sample was loaded on a cation exchange gravity 

column packed with SP Sepharose FF resin equilibrated with the same buffer. The 

column was washed with buffer containing 0.2 M NaCl and cys-scCro was eluted 

with the same buffer containing 1 M NaCl. The buffer of the elution fraction was 

exchanged to PBS pH 7 containing 50 % glycerol before storage at -20°C. The process 

was monitored by SDS-PAGE and Western blot. 

 



  Chapter 2 

 

Doctoral Thesis-Gülsen Betül Aktas 45 

 

 

 

2.3.3 Preparation of the HRP-scCro conjugate 

 

Maleimide-activated HRP was dissolved in water and the solution was buffer-

exchanged to PBS pH 7. The protein was then mixed with cys-scCro at equimolar 

concentrations (50 μM each protein in PBS pH 7) and the mixture was allowed to 

react overnight at 4°C. The HRP-scCro conjugate was purified by IMAC and affinity 

chromatography. For IMAC, a gravity column packed with HisPur Ni-NTA-agarose 

was equilibrated with 10 mM phosphate buffer pH 7.4, 0.3 M NaCl, loaded with the 

conjugation mixture, washed with equilibration buffer containing 25 mM imidazole 

and eluted with the same buffer containing 250 mM imidazole. The buffer of the 

IMAC elution fraction was exchanged to binding buffer (20 mM Tris-HCl pH 7, 0.5 M 

NaCl, 1 mM CaCl2, 1 mM MgCl2) and the sample was loaded on a Con-A sepharose 

4B-packed column equilibrated with the same buffer. The column was washed with 

wash buffer (20 mM Tris-HCl pH 7, 0.5 M NaCl) and the conjugate was eluted with 

wash buffer containing 0.38 M methyl α-D-mannopyranoside. The elution fraction 

was concentrated with a 50K MWCO centrifugal filter and the buffer was exchanged 

to PBS with 50 % glycerol. The process was monitored by SDS-PAGE and Western 

blot. The exact molecular weight of the conjugate was calculated with MALDI-TOF 

mass spectrometry (see supplementary material Fig. S-2.4 and Table S-2.2). 

 

2.3.4 SDS-PAGE and Western blot analysis 

 

Protein expression, purification and the conjugation reaction were 

monitored by SDS-PAGE and Western blot using standard protocols. For Western 

blot, the PVDF membrane after transfer was probed with monoclonal mouse anti-

polyhistidine antibody and then with polyclonal rabbit anti-mouse-HRP antibody. 

Colorimetric detection of the bands was achieved using 1-STEP TMB-Blot solution.  
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2.3.5 Characterization of the HRP-scCro conjugate by Electrophoretic 

Mobility Shift Assay (EMSA) 

 

The binding of the HRP-scCro conjugate and of its individual protein 

components to the different oligonucleotides involved in the detection of HPV16 

was evaluated by EMSA. Pre-hybridized ssDNA-dsDNA detection probes (see 

supplementary material for details) with one or three scCro binding sites (600 nM 

and 200 nM respectively) were mixed with maleimide-activated HRP, cys-scCro or 

HRP-scCro (600 nM) in binding buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM 

EDTA, 0.05 % Tween-20, 5 % glycerol). The concentrations of DNA and proteins 

were chosen in order to maintain a DNA:protein molar ratio of 1:1. The mixtures 

were incubated for 30 min at room temperature and then loaded on a 10% 

polyacrylamide/TAE gel. The gels were run for 1.5 h at 100 V in TAE buffer and then 

stained with GelRed DNA gel stain in TAE. 

 

2.3.6 DNA detection by Enzyme Linked Oligonucleotide Assay (ELONA) 

 

HPV16 target DNA was detected with an ELONA assay. Biotinylated HPV16 

capture probe (50μl of 20 nM) was immobilized for 15 min at room temperature on 

streptavidin-coated microplate strip wells followed by three washes with 300 μl 

ELONA buffer (20 mM potassium phosphate pH 7.5, 50 mM NaCl, 1 mM EDTA, 0.5 

% BSA, 0.05 % Tween-20). Target DNA (50 μl of concentrations up to 100 pM) was 

then added and hybridization was allowed to proceed for 1 h at 37°C. The wells were 

washed and 50 μl of 0.2 nM of detection probe (ssDNA-HRP conjugate or pre-

hybridized ssDNA-dsDNA detection probes containing one or three DNA binding 

sites) was added followed by incubation at 37°C for 1 h. For target detection using 

the hybrid ssDNA-dsDNA probes, HRP-scCro conjugate was added (50ul of 1 nM) 

after three washes and incubated for 30 min at room temperature. Five washing 

steps were performed before the addition of TMB substrate. Color was allowed to 

develop for 20 min, an equal volume of 1 M H2SO4 was added and the absorbance 

was recorded at 450 nm. All incubation and washing steps were conducted in 
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ELONA buffer whereas the step of HRP-scCro binding was performed in binding 

buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5 % BSA, 0.05 % Tween-

20). Each sample was measured in triplicate with three independent experiments 

whereas the blank measurements were conducted in sextuplets. Average values of 

sensitivity and limit of detection (LOD) for each detection approach were calculated 

without blank subtraction and are shown with the standard error of the mean 

(SEM). For the specificity experiments, the same conditions were used as described 

above but with a fixed 1 nM concentration of DNA, HPV16 target and non-

complementary control sequences of cancer (CDH1) and celiac disease (HLA-

DQ1*0201) gene markers. 

 

2.4 RESULT AND DISCUSSION 

2.4.1 Choice and production of the DNA binding protein 

 

The DNA binding protein used for conjugation to HRP was chosen based on 

several criteria: it had to bind only dsDNA with high affinity and specificity, be 

relatively small in size, monomeric and without co-factor requirements that would 

enable its facile expression and purification in soluble form in Escherichia coli, and 

with available three-dimensional structure if possible. Several DNA binding proteins 

were identified that fulfil these criteria and the bacteriophage lambda Cro repressor 

was finally chosen. Cro is a sequence-specific dsDNA binding protein that binds as a 

homodimer to its operator DNA with very high affinity and specificity 21. The single 

chain dimeric form that was used in this work (scCro), where the two monomers are 

covalently linked by a 16 amino acid linker, has an approximate size of 16 kDa and 

a reported dissociation constant of (4 ± 2) x 10-12 M 20. Also, the three-dimensional 

structure of Cro bound to a consensus DNA operator 22 revealed that the N-terminal 

of the protein is at a distant position compared to the DNA binding sites, indicating 

that the conjugation of the protein at its N-terminal is not expected to change its 

DNA binding properties. Additionally, Cro does not contain any cysteine residues 

and the addition of one at its N-terminal would provide a single thiol group for 



  Chapter 2 

 

Doctoral Thesis-Gülsen Betül Aktas 48 

 

 

conjugation to maleimide-activated HRP, thus enabling us to have better control 

over the conjugation reaction and achieve an equimolar 1:1 ratio of the two proteins 

in the final conjugate. HRP isoenzyme C, the main source of HRP available 

commercially, contains only three surface exposed lysine groups 23. The limited 

number of surface-exposed amine groups are located very close to each other 

(distance between the two lysines further apart is 20 Å) which would further 

facilitate the covalent linking of one HRP molecule with only one DNA binding 

protein tag. Finally, the expression of the DNA binding protein tag with a C-terminal 

polyhistidine tag would facilitate its detection and purification and therefore of the 

conjugate as well. Taking all these into account, we cloned and expressed cys-scCro 

in soluble form in E. coli (Fig.2.2A, lane 1). The majority of protein contaminants 

were removed by IMAC (Fig. 2.2A, lane 2) and by further polishing of the IMAC 

elution fraction with cation exchange chromatography, we were able to obtain cys-

scCro at more than 90 % purity (Fig. 2.2A, lane 3) at a total yield of approximately 2 

mg per liter of bacterial culture.  

 

2.4.2 Preparation and characterization of the HRP-DNA binding 

protein conjugate 

 

Commercially available maleimide-activated HRP was covalently linked to 

cys-scCro via amine-to-sulfhydryl chemistry. The protein contains an average of two 

maleimide groups per molecule (as indicated by the manufacturer) whereas cys-

scCro DNA binding protein tag contains only one thiol group. The conjugation was 

performed using an equimolar mixture of the two proteins in order to achieve the 

desired 1:1 molar ratio in the final conjugate. The reaction yielded a single 

conjugation product as assessed by SDS-PAGE after overnight incubation at 4°C with 

around 30 % efficiency when 50 μM of each protein were used (Fig.2.2B, lane 3). The 

efficiency was estimated from the intensity of the SDS-PAGE bands corresponding 

to maleimide-HRP before and after conjugation (Fig. 2.2B, lanes 1 and 3) using the 

ImageJ program. The use of molar excess of either protein did not improve the 

conjugation efficiency (see Fig. S-2.3 in supplementary material). Purification of the 
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conjugate and removal of unreacted proteins was achieved by a two-step process. 

The first step involved the use of IMAC for the removal of unreacted maleimide-HRP 

that does not contain a polyhistidine tag. The second step was designed in order to 

remove unreacted cys-scCro using an affinity resin (Con-A sepharose 4B) containing 

immobilized concanavalin A protein suitable for capturing glycosylated 

biomolecules like HRP. The purification process was monitored by SDS-PAGE, and 

as it can be seen in Fig. 2.2B, the majority of unreacted HRP was removed after IMAC 

(Fig. 2.2B, lane 4) whereas unreacted cys-scCro was removed after affinity 

chromatography and concentration with a 50 K MWCO centrifugal filter (Fig. 2.2B, 

lane 5). The amount of unreacted HRP in the final conjugate preparation was 

estimated at approximately 5 %. The conjugation reaction was also analyzed by 

Western blot that indicated as well a single conjugation product with an apparent 

size of 75 kDa (Fig. 2.2C, lane 3). In order to verify that the conjugate contained only 

one molecule of each protein, MALDI-TOF mass spectrometry was used. Both 

maleimide-HRP and the HRP-scCro conjugate were analyzed (see Fig. S-2.4 and 

Table S-2.2 in the supplementary material). From the spectra of both proteins and 

the expected molecular weight of cys-scCro (calculated in silico as 17.4 kDa), it is 

concluded that the HRP-scCro conjugate has an approximate size of 61 kDa and 

contains one molecule of HRP (43 kDa) and one molecule of scCro (17.4 kDa). 
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Figure 2.2: Preparation of the HRP-scCro conjugate. (A) Expression and 

purification of cys-scCro. Lane 1: E. coli soluble lysate; lane 2: IMAC elution fraction; 

lane 3: cation exchange elution fraction. (B) Synthesis and purification of the HRP-

scCro conjugate. Lane 1: maleimide-HRP; lane 2: cys-scCro; lane 3: HRP-scCro 

conjugation reaction; lane 4: IMAC elution fraction; lane 5: affinity chromatography 

elution fraction after concentration with 50K MWCO centrifugal filter. (C) Western 

blot for the HRP-scCro conjugation reaction. Lane 1: maleimide-HRP; lane 2: cys-

scCro; lane 3: HRP-scCro conjugation reaction. 

 

2.4.3 Design of the DNA detection probes with scCro DNA binding sites  

 

The hybrid ssDNA-dsDNA detection probes were designed taking into 

account that (i) the target detection ssDNA part would have to be separated enough 

from the first scCro binding site in order to avoid steric hindrance effects after target 

hybridization with the detection probe; and (ii) the DNA binding sites would have 

to be separated enough between them so as to enable their positioning on opposite 

faces of the dsDNA part of the detection probe. A structure of the detection probe 

containing three scCro DNA binding sites with HRP-scCro bound was generated 

using molecular modeling (model.it® server, 24) and visualization tools (PyMOL 
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Molecular Graphics System, Schrödinger, LLC) and it is illustrated in Fig. 2.1 B. In 

this final design of the probe, a 5-bp spacer between the ssDNA and the dsDNA part 

of the probe was used and 8-bp spacers between the DNA binding sites. 

Simultaneous co-binding of three cys-scCro molecules on this hybrid ssDNA-dsDNA 

molecule was demonstrated by EMSA as shown in Fig. 2.3. With this assay, free and 

protein-bound DNA were separated due to the reduced mobility of bound DNA 

through a polyacrylamide matrix. When an equimolar mixture of DNA (in terms of 

binding sites) and cys-scCro was used, cys-scCro was able to bind to each DNA 

binding site simultaneously, and form DNA-protein complexes of increasing size, 

depending on the number of binding sites, resulting in bands in the polyacrylamide 

gel with decreased mobility (bands with asterisks). The binding properties of HRP-

scCro were then assessed by EMSA. The conjugate and its individual protein 

components were used in binding mixtures with the designed HPV16 detection 

probes containing one or three scCro DNA binding sites and analyzed by 

polyacrylamide gel electrophoresis (described in the experimental section). As it is 

demonstrated in Fig. 2.3, the binding of HRP-scCro to the DNA detection probes 

(bands with asterisks) is a consequence of the presence of the DNA binding protein 

component (scCro) since no protein-DNA complex can be observed with the HRP 

molecule alone. Moreover, cys-scCro binds only to the hybridized DNA 

oligonucleotides with HPV16 target and capture/detection probes containing the 

specific dsDNA sequences whereas no binding can be detected in the presence of 

ssDNA (see Fig. S-2.2 in the supplementary material). 
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Figure 2.3: EMSA assay for the binding of the HRP-scCro conjugate to the 

HPV16 detection probes with one and three DNA binding sites. Bands with asterisks 

correspond to protein-DNA complexes.   

 

2.4.4 ELONA for DNA detection 

 

After demonstrating the specificity of binding of the HRP-scCro conjugate 

to the DNA detection probes containing the specific dsDNA binding sequences, the 

probes and the conjugate were used to detect the target HPV16 DNA. Synthetic 

target ssDNA was detected using the three approaches illustrated in Fig. 2.1A: (i) 

direct detection with the detection ssDNA-HRP conjugate, (ii) detection using hybrid 

ssDNA-dsDNA detection probes containing one and (iii) three scCro DNA binding 

sites in conjunction with the HRP-scCro conjugate. Target calibration curves were 

acquired with independent triplicate experiments and as it can be seen in Fig. 2.4, 

the optical response increased linearly with the increase of target concentration up 

to 100 pM. For higher target concentrations, the signal starts to get progressively 

saturated for all three detection approaches described (data not shown). The 

sensitivity of each detection approach was calculated as the slope of the linear range 
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of the target calibration curves (AU/pM) and it was found to be (15.5 ± 1.1) x 10-4 

AU/pM for the ssDNA-HRP conjugate, (19.3 ± 0.8) x 10-4 AU/pM for the hybrid 

detection probe containing one DNA binding site and (56.0 ± 9.0) x 10-4 AU/pM for 

the detection probe containing three scCro DNA binding sites. These results 

demonstrate that the incorporation of multiple DNA binding sites on the detection 

probe enables the association of each target molecule with multiple HRP molecules, 

leading to improved assay sensitivity. In the case of detection probe with three DNA 

binding sites, the sensitivity improved by a factor of 3.5 compared with the ssDNA-

HRP conjugate. It should be pointed out that the sensitivity obtained for the DNA 

detection using the ssDNA–HRP conjugate, that served as an internal control for the 

assay, is very similar to the sensitivity reported (18 x 10-4 AU/pM) for the detection 

of a different target (beta-actin) using a similar colorimetric ELONA assay with a 

ssDNA–HRP conjugate 25. This eliminates the possibility that the increased 

sensitivity of the proposed detection system is due to a poor performance of the 

ssDNA–HRP bench mark control. The limit of detection (LOD) of the assay was also 

calculated as three times the standard deviation of the blank measurements (no 

target in the presence of each detection probe) divided by the slope 26. For all three 

detection approaches the LOD was calculated in the low picomolar range: 7.4 ± 2.6 

pM for the ssDNA-HRP conjugate, 4.0 ± 1.3 pM for the hybrid detection probe 

containing one DNA binding site and 2.1 ± 1.3 pM for the hybrid detection probe 

containing three DNA binding sites. Even though these limits of detection are very 

similar, there is still a 3.5-fold improvement between detection with the ssDNA-HRP 

and the detection probe containing three DNA binding sites. This may reflect better 

accessibility of the reporter protein HRP to the target molecules through the spacing 

that is provided by the use of the hybrid detection probe. Optimization of the 

detection probes in terms of number of DNA binding sites and the spacing between 

the different elements (target hybridization part and DNA binding sites) as well as 

assay conditions (buffers and concentrations of the individual components) may 

allow us to further improve the performance of the sensor. Nonetheless, the LODs 

calculated for HPV16 based on HRP–scCro and hybrid detection probes are among 

the lowest ones reported for HPV using different detection approaches like 

fluorescence, electrochemical, magnetic and nanoparticle-based optical methods 27. 
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Figure 2.4: Target DNA calibration curves using a (i) ssDNA-HRP conjugate 

and (ii) HRP-scCro conjugate with detection probes containing one and (iii) three 

DNA binding sites. The error bars show the standard error of the mean (SEM). 

 

Another important aspect of the performance of a sensor is its selectivity 

towards the detection of the target without interfering signals from non-specific 

interactions. For this purpose, we evaluated the specificity of the genosensor using 

target and non-complementary control DNA sequences from different gene markers 

and the three detection approaches. As shown in Fig. 2.5 independent of the 

detection approach used, a high specific signal was obtained at saturating target 

DNA concentration (1 nM) whereas no signal could be detected for two different 

control DNA sequences. 
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Figure 2.5: Specificity of the genosensor using HPV16 target and control 

DNA sequences. Detection was achieved with (i) ssDNA-HRP conjugate and (ii) with 

the HRP-scCro conjugate in combination with detection probes containing one and 

(iii) three DNA binding sites. The error bars show the standard error of the mean 

(SEM). 

 

2.5 CONCLUSION  

 

In this work we describe the preparation of a novel HRP-DNA binding protein 

tag conjugate and its use for signal amplification in a genosensor. Characterization 

of the conjugate with MALDI-TOF mass spectroscopy confirmed the direct covalent 

linking of one HRP molecule with one molecule of scCro, the DNA binding protein 

tag used in this work. The specificity of the binding of the conjugate only to dsDNA 

sequences containing the scCro specific DNA binding sites was demonstrated by 

EMSA. Finally, the conjugate was used for the detection of HPV16 target DNA in a 

sandwich format in conjunction with hybrid ssDNA-dsDNA detection probes 

containing scCro DNA binding sites. By incorporating three scCro DNA binding sites 

on the detection probe we were able to improve the assay performance by 3.5-fold, 
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compared to ssDNA-HRP conjugate, in terms of both sensitivity and limit of 

detection. The results corroborate that the high affinity and specificity of the DNA 

binding protein tag for its binding sequence enabled its simultaneous co-

immobilization on the multiple positions on the detection probe, ultimately leading 

to the positioning of multiple HRP molecules on the probe and providing a signal 

enhancement effect. In this work three DNA binding sites were included in the 

detection probe in order to demonstrate the feasibility of the proposed method but 

this number can be increased to further increase the signal. Optimization of the 

assay conditions in terms of incubation times, buffer composition and the design of 

the detection probes regarding number and spacing between the DNA binding sites 

could enable further improvement of the assay performance. The proposed signal 

amplification approach is not dependent on the target DNA sequence of the 

genosensor circumventing the expensive and laborious preparation of ssDNA-HRP 

conjugates for each target; only the hybrid ssDNA-dsDNA detection probes have to 

be prepared specifically for each target. Furthermore, the detection step can be 

tailored for each application by controlling the number of DNA binding sites on the 

detection probe, thus increasing or decreasing the signal as needed. Overall, this 

novel HRP-DNA binding protein conjugate can be used as a universal signal 

amplification tool in enzyme-linked assays, providing higher signal than ssDNA-HRP 

direct conjugates while still exhibiting a better defined stoichiometry and smaller 

size than functionalized nanoparticles. The low cost and simplicity of this approach 

also make it suitable for integration with point-of-care systems. 
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2.8 SUPPLEMANTARY MATERIAL  

 

Table S-2.1: Sequences of the oligonucleotides used in this work. The specific 

DNA binding sites for scCro protein are underlined. The length of the oligos is shown 

in nucleotides (nt). 

 

ssDNA oligo (length) (5’ to 3’ sequence) 

sccro16 forward primer (39 nt) 

CTCTCCATATGTGTGAACAACGCATAACTTTAAAAGATT 

sccro16 reverse primer (33 nt) 

GAGTAACAAAAAAACAACAGCAAAGCTTGAGAG 

HPV16 capture probe (24 nt) 

biotin-C6-GAGGAGGAGGATGAAATAGATGGT 

HPV16 target (159 nt) 

GCCCATTAACAGGTCTTCCAAAGTACGAATGTCTACGTGTGTGCTTTGTACGCACAACCGAAG

CGTAGAGTCACACTTGCAACAAAAGGTTACAATATTGTAATGGGCTCTGTCCGGTTCTGCTT

GTCCAGCTGGACCATCTATTTCATCCTCCTCCTC 

Detection probe-HRP conjugate (21 nt)  

TTGGAAGACCTGTTAATGGGC-HRP 

Detection probe with one scCro DNA binding site (46 nt) 

TTGGAAGACCTGTTAATGGGCGCAACTATCACCGCAAGTGATACGA 

Complementary strand for detection probe with one scCro DNA binding site (25 nt) 

TCGTATCACTTGCGGTGATAGTTGC 

Detection probe with three scCro DNA binding sites (93 nt) 

TTGGAAGACCTGTTAATGGGCGCAACTATCACCGCAAGTGATAAAAAAAAATATCACCGCAA

GTGATAAAAAAAAATATCACCGCAAGTGATA 
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Table S-2.1: (continued) 

 

ssDNA oligo (length) (5’ to 3’ sequence) 

Complementary strand for detection probe with three scCro DNA binding sites (72 

nt) 

TATCACTTGCGGTGATATTTTTTTTTATCACTTGCGGTGATATTTTTTTTTATCACTTGCGGT

GATAGTTGC 

Control sequence 1 (CDH1) (133 nt) 

GGGTTCCCTAAGGGTTGGACCTTGGAGGAATTCTTGCTTTGCTAATTCTGATTCTGCTGCTCT

TGCTGTTTCTTCGGAGGAGAGCGATAGGCTGGTTCGTAATCGGTCTAGATTGGATCTTGCTG

GCGCGTCC 

Control sequence 2 (HLA-DQA1*0201) (97 nt) 

GAGAGGAAGGAGACTGCCTGGCGGTGGCCTGAGTTCAGCAAATTTGGAGGTTTTGACCCGCA

GGGTGCACTGAGAAACATGGCTGTGGCAAAACACA 

 

2.8.1 Preparation of the hybrid ssDNA-dsDNA HPV16 detection probes 

 

Partially complementary ssDNA oligos (see the sequences in Table S2-1) 

were hybridized by mixing 10 μM of each oligo in 10 mM potassium phosphate pH 

7.5, 50 mM NaCl, 5 mM EDTA, 5 % glycerol. The mixtures were heated in a thermal 

cycler for 5 min at 95°C and then cooled down to 25°C by reducing the temperature 

1°C per minute. The efficiency of the hybridization reactions was monitored by DNA 

gel electrophoresis using a 10 % polyacrylamide in TAE buffer that was run for 90 

min at 100 V in TAE buffer and stained with SYBR Safe DNA gel stain in the same 

buffer for 5 min (see Fig. S-2.1).  
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Figure S-2.1: Preparation of the hybrid ssDNA-dsDNA HPV16 detection 

probes. Lane 1: detection probe with one DNA binding site; lane 2: detection probe 

with one DNA binding site partial complementary strand; lane 3: hybridization 

reaction of ssDNA oligos in lanes 1 and 2; lane 4: detection probe with three DNA 

binding sites; lane 5: detection probe with three DNA binding sites partial 

complementary strand; lane 6: hybridization reaction of ssDNA oligos in lanes 4 and 

5. Lanes 1, 2, 4, 5 contain ssDNA whereas lanes 3 and 6 hybrid ssDNA-dsDNA. 

 

2.8.2 EMSA for the binding of scCro to the oligonucleotides involved in 

HPV16 detection 

 

The binding of scCro to different combinations of the oligonucleotides 

involved in the detection of HPV16 was evaluated by EMSA. Combinations of the 

capture probe, the detection probe with one DNA binding site and the target HPV16 

(100 nM each) were pre-hybridized as described above and then each mixture was 

incubated with scCro (500 nM) and run on 6 % polyacrylamide gel in TAE buffer. As 

it can be seen in Fig. S-2.2, scCro binds only to the combination of oligos that contain 

the specific dsDNA binding sites (bands with asterisks).  
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Figure S-2.2: Binding of scCro to the oligonucleotides used for the detection 

of HPV16 by EMSA. Lane 1: capture probe with target; lane 2: target with detection 

probe; lane 3: target with detection probe with one DNA binding site (ssDNA oligo); 

lane 4: target with detection probe with one DNA binding site (ssDNA-dsDNA 

hybrid); lane 5: capture probe with target and detection probe with one DNA 

binding site oligo (ssDNA oligo); lane 6: capture probe with target and detection 

probe with one DNA binding site (ssDNA-dsDNA hybrid). Bands with asterisks show 

protein-bound DNA. 

 

2.8.3 Optimization of the HRP-scCro conjugation reaction 

 

Maleimide-activated HRP and cys-scCro were mixed at different molar ratios: 

equimolar mixtures and mixtures with excess of one of the two proteins. Reactions 

were conducted in PBS pH 7 with overnight incubation at 4°C. Samples were 

analyzed by SDS-PAGE (Fig. S-2.3) and the optimum conditions (equimolar mixture) 

were chosen for scale-up reaction.  
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Figure S-2.3: Optimization of the HRP-scCro conjugation reaction. Lane 1: 

maleimide-HRP; lane 2: cys-scCro; lane 3: maleimide-HRP:cys-scCro molar ratio 1:1 

(50 μM each); lane 4: maleimide-HRP:cys-scCro molar ratio 3:1 (60 μM:20 μM); lane 

5: maleimide-HRP:cys-scCro molar ratio 1:3 (32 μM:96 μM). 

 

2.8.4 MALDI-TOF mass spectrometry for the HRP-scCro conjugate 

 

Protein samples (30 μM in 0.1 % TFA) were mixed with DHAP matrix solution 

prior to spotting on a ground steel target plate. For external quadratic calibration, 

the Bruker “Protein Calibration Standard 2” was used. All spectra were acquired on 

the new ultrafleXtreme MALDI-TOF/TOF mass spectrometer equipped with a 2 kHz 

Bruker smartbeam-II solid state laser and a FlashDetector. Prior to calibration, the 

spectra were processed with Flex analysis using smoothing and baseline 

subtraction. The analysis was performed using the equipment of Servei de Recursos 

Científics i Tècnics (Universitat Rovira i Virgili, Reus, Spain). The spectra and the ion 

species of the proteins analyzed are shown in Fig. S-2.4 and Table S-2.2. 
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Figure S-2.4: MALDI-TOF mass spectra of maleimide-HRP and HRP-scCro 

conjugate. 

 

 
Table S-2.2: Ion species of the proteins analyzed by MALDI-TOF MS. 

 

Protein Ion Mass 

maleimide-HRP [M+2H]2+ 21859.6 

maleimide-HRP [M+H]+ 43717.1 

HRP-scCro [M+2H]2+ 30546.0 

HRP-scCro [M+H]+ 61170.6 
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Chapter 3: Nucleic acid sensing with enzyme-DNA binding 

protein conjugates cascade and simple DNA 

nanostructures 

 

3.1 ABSTRACT 

 

A versatile and universal DNA sensing platform is presented based on 

enzyme-DNA binding protein tags conjugates and simple DNA nanostructures. Two 

enzyme conjugates were thus prepared, HRP-scCro and GOx-dHP, and were used in 

conjunction with a hybrid ssDNA-dsDNA detection probe. This probe served as a 

simple DNA nanostructure allowing first for target recognition through its target-

complementary ssDNA part and then for signal generation after conjugate binding 

on the dsDNA containing the specific binding sites for the dHP and scCro DNA 

binding proteins. The DNA binding proteins chosen in this work have different 

sequence specificity, high affinity and lack of cross-reactivity. The proposed sensing 

system was validated for the detection of model target ssDNA from high-risk human 

papillomavirus (HPV16) and a limit of detection at the low picomolar range was 

achieved. The performance of the platform in terms of limit of detection was 

comparable to direct HRP systems using target-specific oligonucleotide-HRP 

conjugates. The ratio of the two enzymes can be easily manipulated by changing the 

number of binding sites on the detection probe, offering further optimization 

possibilities of the signal generation step. Moreover, since the signal is obtained in 

the absence of externally added hydrogen peroxide, the described platform is 

compatible with paper-based assays for molecular diagnostics applications. Finally, 

just by changing the ssDNA part of the detection probe, this versatile nucleic acid 

platform can be used for the detection of different ssDNA target sequences or in a 

multiplex detection configuration without the need to change any of the conjugates.  
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3.2 INTRODUCTION  

 

The field of molecular diagnostics is one of the fastest growing sectors in 

clinical analysis 1, with the DNA diagnostics market expected to generate $19 billion 

globally by 2020 2. Clinical applications of molecular diagnostics are usually found 

in the areas of genetic diseases, cancer, infectious diseases, pharmacogenomics as 

well as special applications like HLA typing and forensic science 3. The association 

of specific DNA sequences with disease as well as the recent outbreaks of infectious 

diseases like Ebola, MERS and Zika viruses has increased the demand for rapid, 

sensitive and point-of-care testing.  

Usually, the platforms used for DNA detection rely on hybridization of the 

target ssDNA sequence with complementary sequences in order to facilitate the 

recognition and detection with specific capture and detection probes, respectively. 

For the detection step, a signal amplification strategy is often used in order to 

generate a reliable signal after target identification that will subsequently allow its 

quantification 4. Target-specific labeled oligonucleotides are commonly used for this 

purpose, resulting in elevated assay costs due to the additional labeling. In our 

previous work we reported the development of a universal, target-independent 

signal amplification approach in DNA biosensors. A novel horseradish peroxidase-

DNA binding protein conjugate (HRP-scCro) was described and used for the 

detection of a model target ssDNA through the binding of the scCro DNA binding 

protein with its specific sequence contained in the hybrid ssDNA-dsDNA detection 

probe 5. A signal enhancement effect was observed according to the number of 

conjugate binding sites on the detection probe leading to increased biosensor 

sensitivity.  

In the present report, we combine the synergistic action of HRP with 

glucose oxidase (GOx) to provide a measurable signal with the properties of DNA 

binding proteins of high affinity and specificity regarding their dsDNA binding 

sequences in order to detect the target ssDNA (Fig. 3.1). The system relies on target 

recognition by a specific capture probe while target detection is accomplished by 

using a hybrid ssDNA-dsDNA detection probe and the two enzymes as DNA binding 
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protein conjugates. The detection probe contains the specific sequence required for 

target hybridization (ssDNA) and the two distinct sequences for the binding of the 

enzyme-DNA binding protein tag conjugates (dsDNA) (Fig. 3.1 (B)). The bienzymatic 

HRP/GOx cascade system has been used extensively over the decades due to the 

numerous advantages it presents, such as rapid signal generation, high enzyme 

stability, possibility for immobilization without significant loss of activity, low cost 

and high turnover numbers 6-11. At the same time, the in situ generation of hydrogen 

peroxide from the GOx-catalyzed oxidation of glucose has promoted the wide use of 

this bienzymatic system as a convenient method to avoid the direct utilization and 

storage of hydrogen peroxide in point-of-care biosensors. The catalytic efficiency of 

this cascade enzyme reaction strongly depends on the diffusion of hydrogen 

peroxide since HRP has a much higher turnover rate than GOx 11 and this diffusion 

is regulated by the distance between the active sites of the two enzymes. In the 

system described herein, the target detection probe served as a simple DNA 

nanostructure for the spatial organization of the two enzyme conjugates in such a 

way as to allow their simultaneous binding avoiding steric hindrance effects, 

minimize hydrogen peroxide diffusion and provide improved performance of the 

sensor for target detection. Furthermore, the signal generation step could be further 

optimized by altering the ratio of the two enzymes and this was easily accomplished 

by changing the number of the DNA binding sites on the detection probe. The 

preparation and characterization of the enzyme-DNA binding protein tag 

conjugates, along with optimization of conditions for DNA detection are discussed 

in detail. The proposed platform was used to detect ssDNA from the model target 

high-risk human papillomavirus HPV type 16.  
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Figure 3.1: (A) Detection of target ssDNA based on DNA binding proteins-

enzyme conjugates. (B) Hybrid ssDNA-dsDNA detection probes with scCro/dHP 

DNA binding sites stoichiometry of 1:1, 2:1 and 1:2. The binding sites (highlighting 

the nucleotide bases that directly participate in the dsDNA-protein interactions) for 

scCro are shown in green and for dHP in blue. 

 

3.3 EXPERIMENTAL  

3.3.1 Materials  

 

PCR reagents, restriction enzymes (NcoI and HindIII), plasmid pBADmychisA, 

sulfo-SMCC, HisPure Ni-NTA-agarose, SP Sepharose FF, maleimide-activated HRP 

and neutravidin-coated microplate strip plates were purchased from Fisher 

Scientific (Barcelona, Spain). Glucose oxidase from Aspergillus niger and antibodies 

were obtained from Sigma (Madrid, Spain) and the Immun-Blot PVDF membrane 

from Bio-rad (Barcelona, Spain). The DNA oligonucleotides were purchased from 

Biomers.net (Ulm, Germany) and Eurofins (Ebersberg, Germany) and their 

sequences are shown in Table S-3.2 (Supplementary material). The sequences of the 

oligonucleotides used for HPV16 detection (ssDNA capture and detection probes, 

ssDNA synthetic HPV16 target) were based on previously reported sequences, 



  Chapter 3 

 

Doctoral Thesis-Gülsen Betül Aktas 73 

 

 

which were verified for the detection of DNA extracted from cervical scrapes 

through PCR 12. All other reagents were purchased from Fisher Scientific (Barcelona, 

Spain), Sigma-Aldrich (Madrid, Spain) and Scharlau (Barcelona, Spain). 

 

3.3.2 Preparation of the enzyme-DNA binding protein tag conjugates 

 

The HRP-scCro conjugate was prepared as described previously 5. For the 

preparation of the GOx-dHP conjugate, glucose oxidase was initially reacted with a 

ten-fold excess of sulfo-SMCC for 1 h at 25°C in conjugation buffer (PBS, pH 7) in 

order to label the protein’s free amines with maleimide groups. Excess crosslinker 

was removed using a desalting column equilibrated with conjugation buffer. Then, 

maleimide-activated GOx and cys-dHP (prepared as detailed in part S1 of the 

Supplementary material) were mixed at equimolar concentrations in conjugation 

buffer and the mixture was incubated overnight at 4°C. The GOx-dHP conjugate was 

purified by immobilized metal affinity chromatography (IMAC) and ion exchange 

chromatography (IEC). For IMAC, a HisPur Ni-NTA-agarose column was washed 

with equilibration buffer (10 mM potassium phosphate, 300 mM NaCl, pH 7.4) and 

then loaded with the conjugation mixture. The column was washed with 

equilibration buffer containing 10 mM imidazole and the conjugation product was 

eluted with the same buffer containing 500 mM imidazole. The buffer of the IMAC 

elution fraction was exchanged to IEC buffer (20 mM Tris-HCl, pH 7) and the sample 

was loaded on a DEAE Sepharose FF weak cation exchange resin-packed column 

equilibrated with the same buffer. The conjugate was eluted with IEC buffer 

containing 1 M NaCl and the buffer was exchanged to storage buffer (100 mM 

potassium phosphate pH 5.1, 50 % glycerol). The concentration of the conjugate was 

calculated using the absorbance at 452 nm of the FAD cofactor of GOx (ε452nm=12.83 

cm-1 mM-1) 13. The process was monitored by SDS-PAGE, native PAGE and Western 

blot. For Western blot, the PVDF membrane after transfer was probed with 

monoclonal mouse anti-His antibody and then with polyclonal rabbit anti-mouse-

HRP antibody and finally the bands were detected with 1-STEP TMB-Blot solution. 

For native PAGE, proteins were separated on a 7.5% polyacrylamide gel in Tris-
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glycine buffer (pH ~ 8.3). MALDI-TOF mass spectrometry was used to calculate the 

exact molecular weight of the conjugate. 

 

3.3.3 Preparation and characterization of the hybrid ssDNA-dsDNA 

detection probes 

 

The detection probes, containing binding sites for the enzyme-DNA binding 

protein tag conjugates at different stoichiometries, were prepared by the 

hybridization of partially complementary ssDNA oligonucleotides (pairs P88/P89, 

P92/P93, P94/P95) with sequences as described in Table S-3.2 (Supplementary 

material). Each oligonucleotide pair were mixed in hybridization buffer (10 mM 

Tris-HCl pH 7.5, 50 mM NaCl, 1 mM EDTA) at a final concentration of 10 μM each 

oligo in a total of 20 μl, heated for 5 min at 95°C and then cooled to 25°C by 1°C/min. 

Hybridization was validated by gel electrophoresis of the hybridization reactions as 

shown in Fig. S-3.2 (Supplementary material). Electrophoretic mobility shift assay 

(EMSA) was also used to evaluate the binding of the enzyme conjugates HRP-scCro 

and GOx-dHP to the prepared detection probe containing one binding site for each 

enzyme conjugate. The binding mixtures were prepared in a total volume of 20 μl in 

binding buffer (20 mM potassium phosphate pH 7.5, 50 mM NaCl, 1 mM EDTA, 0.05 

% Tween-20, 5 % glycerol). The detection probe (final concentration 200 nM) was 

incubated for 1 hour at room temperature with each protein species separately 

(final concentration 600 nM of each maleimide-activated HRP, maleimide-activated 

GOx, cys-scCro, cys-dHP, HRP-scCro and GOx-dHP) and also in mixtures of the two 

DNA binding proteins and their conjugates. The binding mixtures were then 

separated on a 5 % polyacrylamide/TAE gel for 60 min at 80V in TAE buffer and 

finally visualized by GelRed DNA gel staining. 
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3.3.4 Colorimetric detection of DNA with ELONA 

 

Detection of the model target HPV16 ssDNA was achieved with a colorimetric 

enzyme linked oligonucleotide assay (ELONA) using neutravidin-coated microplate 

wells. The buffer used for DNA immobilization and the hybridization steps was 

ELONA buffer (20 mM potassium phosphate pH 7.5, 50 mM NaCl, 1 mM EDTA, 0.5 

% BSA, 0.05 % Tween-20), whereas for washing the same buffer was used without 

BSA. The immobilization of the biotinylated capture probe (50 μl) was performed 

for 15 min at room temperature and the wells were washed three times with 300 μl 

of wash buffer before the addition of target ssDNA (50 μl). Capture probe-target 

hybridization was allowed to proceed for 1 h at 37°C followed by three washes with 

300 μl of wash buffer and the addition of 50 μl of pre-hybridized ssDNA-dsDNA 

detection probes (with one or two binding sites for each DNA binding protein, 

prepared as described in Section 2.3). Hybridization was carried out for 1 h at 37°C 

and after three washes with 300 μl of wash buffer, the equimolar mixture of the two 

conjugates HRP-scCro and GOx-dHP was added and incubation proceeded for 1 h at 

room temperature. After a final washing step (three times of 300 μl wash buffer), 50 

μl of a mixture of 250 mM glucose and 1 mM TMB (freshly prepared in 100 mM 

potassium phosphate pH 5) were added to the wells and the absorbance at 650 nm 

was monitored for 45 min at room temperature using a Cary 100 Bio UV visible 

Spectrophotometer. Color development was stopped by the addition of 50 μl of 1 M 

H2SO4 and finally the absorbance at 450 nm was measured. Optimization of the 

ELONA assay was performed in terms of capture and detection probes 

concentration as well as the addition order of the enzyme-DNA binding proteins 

conjugates using the general ELONA assay setup described above. Optimized 

conditions were finally used to obtain target calibration curves.  
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3.3.4.1 Optimization of capture probe concentration 

 

The capture probe concentration used to immobilize on the neutravidin-

coated microplate was titrated from 10 nM to 50 nM. The target ssDNA was used at 

1 nM, the detection probes with scCro/dHP DNA binding sites ratio of 2:1 and 1:2 at 

3 nM and the enzyme conjugates (HRP-scCro and GOx-dHP) at 5 nM each with 

simultaneous addition. 

 

3.3.4.2 Optimization of detection probe concentration 

 

Using a capture probe concentration of 20 nM and the target ssDNA at 1 nM, 

the concentration of the detection probes was titrated from 0.2 nM to 3 nM. The 

three detection probes with scCro/dHP DNA binding sites ratio of 1:1, 2:1 and 1:2 

were used, while the enzyme conjugates were added simultaneously (5 nM each).  

 

3.3.4.3 Binding order of the enzyme-DNA binding protein tags conjugates 

 

The capture probe, target ssDNA and each of the three detection probes were 

used at constant concentrations of 50 nM, 1 nM and 3 nM, respectively. The two 

conjugates HRP-scCro and GOx-dHP (5 nM each) were added either simultaneously 

(GOx-dHP + HRP-scCro) or in two steps: the first conjugate was allowed to bind 

initially, then the wells were washed three washes with 300 μl wash buffer and 

finally the second conjugate was added (first HRP-scCro and second GOx-dHP or 

first GOx-dHP and second HRP-scCro).  

 

3.3.4.4 Target ssDNA calibration curves 

 

The biotinylated HPV16 capture probe was used at 20 nM, target ssDNA at 

concentrations up to 1 nM, the detection probes (with one or two binding sites for 

each DNA binding protein, prepared as described in Section 2.3) at 3 nM and finally 

the two conjugates HRP-scCro and GOx-dHP (5 nM each) were finally added 
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simultaneously. Each sample was measured in triplicate with three independent 

experiments, whereas the blank measurements were conducted in sextuplets. Limit 

of detection (LOD) for each detection probe was calculated as the average of blank 

measurements plus three times the standard deviation of the blank measurements.  

 

3.3.4.5 ELONA assay specificity 

 

The specificity of the detection platform was studied by performing the 

ELONA assay using optimized conditions (as described above for the target 

calibration curves) with 5 nM of ssDNA from the target HPV16 and control non-

complementary sequences from breast cancer markers (CDH1 and HUWE1) and a 

celiac disease marker (HLA-DQ1*0201). All the sequences used are shown in Table 

S-3.4 (Supplementary material). 

 

3.4 RESULT AND DISCUSSION  

3.4.1 DNA binding protein tags 

 

The DNA sensing platform described in this work is based on the synergistic 

action of two enzymes, HRP and GOx, in order to link the step of target ssDNA 

recognition and signal generation for detection (Fig. 3.1A). Therefore, two DNA 

binding proteins with different dsDNA binding sequence specificities were needed 

to be conjugated to the two enzymes respectively. In a previous work we developed 

a single-chain dimeric DNA binding protein of the bacteriophage lambda repressor 

protein (Cro) with an N-terminal cysteine for conjugation purposes 5. It was then 

conjugated to HRP and the enzyme-DNA binding protein tag conjugate was used for 

signal amplification in the detection of model target ssDNA. Here, a second DNA 

binding protein was chosen, the headpiece domain of LacI protein, for conjugation 

to GOx based on the same criteria of size, affinity and specificity used for the first 

DNA binding protein tag chosen, Cro. The two proteins have different sequence 

specificities, a property that will ensure their specific binding to their respective 

sequences, avoiding cross-reactivity issues. LacI is a homotetrameric repressor 
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protein from Escherichia coli which regulates the transcriptional activity of the 

lactose operon 14. It has a promoter-operator interaction region [headpiece domain, 

LacI(1-58)] which binds to a specific dsDNA sequence with very high affinity and 

specificity (KD=30 pM, 15). Using this DNA binding domain, a new DNA binding 

protein was engineered by linking together two LacI headpiece domains since the 

native protein binds DNA as a homodimer. The crystal structure of the homodimeric 

headpiece domain bound to an operator DNA sequence 15,16 suggested that a 

GGSGGS flexible peptide linker could be used to link the two monomers because of 

the close proximity of the polypeptide ends to be linked. In addition, it also indicated 

that a C-terminal poly-histidine tag could be added for purification purposes 

without impacting binding. In order to facilitate conjugation of the DNA binding 

protein, a single cysteine residue was added to its N-terminus taking advantage of 

the absence of cysteine residues in the native headpiece sequence. This single-chain 

homodimeric LacI headpiece domain protein with an engineered N-terminal 

cysteine (cys-dHP) was cloned and expressed in soluble form in E. coli (see 

Supplementary material, part S3-1). The majority of protein contaminants were 

removed by IMAC via the C-terminal poly-histidine tag and the IMAC elution fraction 

was further polished with cation exchange chromatography. The purified protein 

cys-dHP was finally obtained at more than 90% purity with a total yield of 

approximately 2 mg/L of bacterial culture. 

 

3.4.2 Enzyme-DNA binding protein tag conjugates 

 

The proposed DNA detection system relies on the use of two DNA binding 

protein-enzyme conjugates, HRP-scCro and GOx-dHP, for signal generation. The 

preparation and characterization of the HRP-scCro conjugate has already been 

described in our previous work 5. To prepare the GOx-dHP conjugate the 

heterobifunctional crosslinker sulfo-SMCC was used in order to covalently link 

solvent accessible amine groups of GOx with the single thiol group of dHP. GOx is a 

homodimeric glycosylated protein with a molecular weight of 130-320 kDa 

depending on the extent of the glycosylation pattern 17. The enzyme most commonly 

used in biochemical assays is isolated from Aspergillus niger with two subunits with 
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a molecular weight of 80 kDa each and approximately 18% sugars. According to its 

amino acid sequence and crystal structure (using the structure 3QVP.pdb), there are 

14 amine groups on the surface of the protein that can potentially react with sulfo-

SMCC. On the other hand, the DNA binding protein cys-dHP contains only one thiol 

group that has been specifically engineered (in the form of a single cysteine residue) 

at its N-terminal to enable its conjugation with maleimide-containing molecules. 

The amine groups of GOx were activated with an excess of sulfo-SMCC and the 

conjugation with cys-dHP was performed using an equimolar mixture of the two 

proteins in order to achieve a low conjugation ratio. After overnight incubation at 

4°C, the efficiency of the conjugation reaction was estimated at approximately 25% 

by comparing the intensity of the SDS-PAGE bands corresponding to cys-dHP before 

and after conjugation (Fig. 3.2 (A), lanes 1 and 4) using the ImageJ program. 

Different conditions for the activation of GOx with sulfo-SMCC as well as the use of 

molar excess of either protein in the conjugation reaction did not improve the 

conjugation efficiency (results not shown). The GOx-dHP conjugate was purified 

with a two-step procedure enabling the removal of unreacted proteins. With IMAC 

purification it was possible to remove unreacted maleimide-GOx that did not contain 

any His-tag (Fig. 3.2 (A), lane 5), whereas IEC was used for the removal of unreacted 

cys-dHP (Fig. 3.2(A), lane 6) based on the charge difference between the two 

proteins (GOx pI ∼ 4.2 according to the supplier, cys-dHP pI ∼7.9 calculated from its 

amino acid sequence). Based on SDS-PAGE analysis, three protein bands are 

associated with the conjugate: one at approximately 75 kDa corresponding to the 

GOx monomer, and two bands at 100 kDa and 100-130 kDa corresponding to 

potential conjugates of GOx monomers with one and two dHP per monomer, 

respectively (calculated size of cys-dHP ∼16.5 kDa). Western blot analysis revealed 

two distinct protein species with incorporated His-tag (Fig. 3.2 (B), lane 4) 

corresponding to the two bands between 100 and 130 kDa identified with SDS-

PAGE. These results suggested the synthesis of two conjugation products: one 

product with one dHP per GOx dimer and one product with two dHP per GOx dimer. 

To further characterize the conjugate, we performed native PAGE as shown in Fig. 

3.2 (C). GOx in its native form migrates on the gel as a single band corresponding to 

the homodimer (Fig. 3.2 (C), lanes 1 and 2) whereas the conjugate migrates slower 
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as a single band with higher molecular weight (Fig. 3.2 (C) lane 3), corresponding to 

a single conjugation product. To accurately determine the size of the conjugation 

product(s) and the GOx:dHP stoichiometry within the conjugate, MALDI-TOF mass 

spectroscopy was performed. As shown in Fig. 3.2(D), there is one single conjugation 

product with a molecular weight of approximately 168 kDa corresponding to one 

GOx homodimer conjugated with one dHP (see Supplementary material for more 

information). The three distinct bands of the GOx-dHP conjugate identified by SDS-

PAGE with molecular weights in the range of 75-120 kDa can be assigned to GOx 

monomer, and to GOx monomer with one dHP conjugated at different locations on 

the enzyme molecule surface, resulting in two molecules with different 

morphologies and electrophoretic mobility within the polyacrylamide gel matrix. 

  



  Chapter 3 

 

Doctoral Thesis-Gülsen Betül Aktas 81 

 

 

 

 

 

Figure 3.2: Preparation of the GOx-dHP conjugate. (A) SDS-PAGE for the 

conjugation and purification of GOx-dHP. 1: cys-dHP; 2: GOx; 3: maleimide-GOx; 4: 

GOx-dHP conjugation reaction; 5: IMAC elution fraction; 6: IEC elution fraction. (B) 

Detection of conjugate by Western blot. 1: cys-dHP; 2: GOx; 3: maleimide-GOx; 4: 

GOx-dHP conjugation reaction. (C) Native PAGE. 1: GOx; 2: maleimide-GOx; 3: GOx-

dHP conjugate. (D) MALDI-TOF mass spectroscopy spectra of GOx and GOx-dHP 

purified conjugate. 

 

3.4.3 DNA detection probes 

 

For optimal target detection, the design of the detection probes was 

performed taking into account the two distinct roles it had to perform, target 

recognition and signal generation. As detailed in our previous work 5, the detection 

probes were hybrid consisting of a ssDNA and a dsDNA part: target recognition is 

accomplished by hybridization with the ssDNA part, whereas the dsDNA contains 

the specific DNA binding sites for the binding of the DNA binding protein-enzyme 

conjugates that will ultimately provide the signal for detection. To generate these 

hybrid detection probes, partially complementary oligonucleotides were hybridized 

as detailed in the Supplementary material (part S2). A 5-bp spacer was used to 

separate the two parts and the distinct functions of the probe, hybridization with 

the target and binding of the enzyme conjugates. In turn, the DNA binding sites were 
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specifically arranged on the dsDNA part of the detection probes and separated by 3-

bp spacers to try to minimize steric hindrances and allow the co-binding of both 

HRP-scCro and GOx-dHP conjugates. Different configurations of the detection probe 

were designed and prepared in order to vary the stoichiometry of the two enzymes 

HRP and GOx and study their effect on target detection. For this reason, HRP-

scCro/GOx-dHP stoichiometries of 1:1, 2:1 and 1:2 were chosen. Models of the three 

different detection probes were generated using the online molecular modeling tool 

model.it® 18, visualized with the PyMOL Molecular Graphics System (Schrödinger, 

LLC) and they are illustrated in Fig. 3.1(B). As it can be seen, the constant 3-bp 

spacing between the binding sequences results in different relative orientations of 

the binding sites on the dsDNA double helix structure. This should facilitate the 

simultaneous binding of multiple conjugates and minimize any steric hindrance 

effects that might be encountered due to the size of the conjugates (61 kDa for HRP-

scCro and 168 kDa for GOx-dHP).  

Successful simultaneous binding of the two DNA binding protein-enzyme 

conjugates to the detection probe with one binding site for each conjugate was 

verified with an electrophoretic mobility shift assay (EMSA). The detection probe 

was incubated separately with different protein species and the samples were 

separated in a polyacrylamide gel. Free DNA and protein-bound DNA could be 

separated efficiently because of differences in their mobility. As it is shown in Fig. 

3.3, the DNA binding protein tags cys-scCro and cys-dHP as well as their respective 

enzyme conjugates HRP-scCro and GOx-dHP were able to bind the detection probe 

and cause a decrease in their mobility depending on the size of the protein bound. 

The highest decrease was observed for the DNA detection probe bound with the two 

enzyme conjugates HRP-scCro and GOx-dHP simultaneously (Fig. 3.3 lane 9) 

because of the total size of proteins bound (approximately 229 kDa). Therefore, 

EMSA results validated the design of the detection probes and co-binding of the 

enzyme conjugates.  
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Figure 3.3: EMSA assay for the binding of the DNA binding protein-enzyme 

conjugates to the HPV16 hybrid detection probe with scCro/dHP DNA binding sites 

ratio of 1:1. All lanes 1-9 contain the DNA detection probe with different protein 

species. Lane 1: only DNA; lane 2: HRP; lane 3: GOx; lane 4: cys-scCro; lane 5: HRP-

scCro; lane 6: cys-dHP; lane 7: GOx-dHP; lane 8: cys-scCro and cys-dHP; lane 9: HRP-

scCro and GOx-dHP. 

 

3.4.4 Target ssDNA detection with ELONA 

 

In the proposed system, DNA detection is based on the use of hybrid ssDNA-

dsDNA detection probes and HRP-scCro and GOx-dHP enzyme conjugates for signal 

generation. The combination of HRP and GOx in a cascade configuration has been 

reported extensively in the literature in a variety of assays and applied to 

commercial devices for the detection of various analytes. The system developed in 

this work is outlined in Fig. 3.1 and it is based on (a) the recognition of target ssDNA 

by a specific capture probe immobilized on a microtiter plate and (b) detection by 

the hybrid ssDNA-dsDNA probe containing binding sites for the DNA binding 

protein-enzyme conjugates HRP-scCro and GOx-dHP. Addition of glucose and TMB 

initiates the GOx-mediated oxidation of glucose and production of gluconic acid and 

hydrogen peroxide. Hydrogen peroxide is then scavenged by HRP that reduces it to 
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water using TMB as the electron donor that eventually turns to blue after oxidation 

and provides the signal. For optimal assay performance, the ELONA was initially 

optimized in terms of capture and detection probes concentration, as well as the 

addition order of the DNA binding protein-enzyme conjugates. Firstly, the capture 

probe concentration was varied from 10 nM to 50 nM while maintaining constant 

the concentrations of target, detection probes (with one or two binding sites for each 

enzyme conjugate) and enzyme conjugates. As it can be seen in Fig. 3.4 (A), the use 

of more than 20 nM of capture probe concentration did not significantly increase the 

signal irrespectively of the detection probe used, therefore a concentration of 20 nM 

capture probe was chosen. Next, the concentration of the detection probes was 

titrated from 0.2 nM to 3 nM. All three detection probes with a HRP-scCro/GOx-dHP 

stoichiometry of 1:1, 2:1 and 1:2 were used and the enzyme conjugates were added 

simultaneously at 5 nM each. The data in Fig. 3.4 (B) show a signal increase with the 

increase of the detection probes concentration thus a concentration of 3 nM was 

chosen for further work. In addition, the effect of the order in which the enzyme 

conjugates are added was also explored. The GOx-dHP conjugate is bigger in size 

(approximately 168 kDa) compared to the HRP-scCro conjugate (61 kDa) and 

binding of either conjugate might be obstructed by binding of the other depending 

on the arrangement of the specific DNA binding sites on the detection probe. As it 

can be seen in Fig. 3.4 (C), the highest signal was obtained when the two enzyme 

conjugates were added simultaneously, whereas hindrance was observed mainly in 

the case where the bulkier GOx-dHP conjugate was added first and bound to the 

detection probe prior to the addition of the second smaller conjugate HRP-scCro.  

Using the optimized conditions detailed above, target ssDNA calibration 

curves were obtained for each of the three detection probes as shown in Fig. 5.4 (D). 

All three curves were successfully fitted to a quadratic model, to relate the amount 

of signal (absorbance) to the target ssDNA concentration. This type of polynomial 

calibration curves have been reported before when these two enzymes were used 

for analyte detection 19-21. The limit of detection (LOD) of the assay was also 

calculated as three times the standard deviation of the blank plus the average of 

blank measurements. The LODs achieved were all in the low picomolar range: 45 



  Chapter 3 

 

Doctoral Thesis-Gülsen Betül Aktas 85 

 

 

pM, 26 pM and 21 pM for detection using the probes with scCro/dHP DNA binding 

sites ratio of 1:1, 2:1 and 1:2, respectively. Overall, higher sensitivity and lower LODs 

were obtained using the detection probe containing one binding site for HRP-scCro 

and two for GOx-dHP. Also, the performance of the described system in terms of LOD 

is comparable to the majority of electrochemical biosensors (LODs between 100 pM 

and 50 nM) that are the most common type used for DNA-based HPV detection (for 

an extensive review, see 22). Regarding DNA biosensors in general, the LODs 

achieved vary from femtomolar to nanomolar and some examples are shown in 

Table S-3.5 (see Supplementary Material). The electrochemical assays offer the 

advantage of sensitivity and shorter analysis times but usually require complex 

surface functionalization and specialized equipment that are not suitable for point-

of-care applications 12,23,24. On the other hand, fluorescence-based detection 25-27 is 

also very sensitive especially when functionalized silica nanoparticles are employed. 

As in the case of colorimetric systems 28,29, they rely on biotin/streptavidin 

interactions or employ target-specific conjugates. For the colorimetric detection of 

HPV16 ssDNA using a direct HRP-labeled reporter probe for example, an LOD of 7.4 

pM was achieved as reported in our previous work 5 which is comparable to the LOD 

of 21 pM achieved with the combination of the two universal enzyme-DNA binding 

protein conjugates reported here. Ultrasensitive colorimetric systems employing 

hybridization chain reaction have also been reported with LOD reaching low 

femtomolar range 30,31. but these systems rely on complex DNA nanostructures that 

are target-dependent, slow to assemble, highly dependent on the specific conditions 

used, and also require purification before analysis. The results presented in this 

work highlight the efficiency, simplicity, and sensitivity of the proposed platform 

compared to other systems as discussed above. It offers the possibility for multiplex 

detection of analytes, for example in microarrays and lateral flow assays, just by 

changing the capture probe and the ssDNA part of the ssDNA-dsDNA hybrid 

detection probe for each specific target. Furthermore, since many optical DNA 

detection systems rely on biotin/streptavidin interactions, the system could serve 

as an alternative thus leading to reduced assay costs, as in the case of direct HRP 

systems, by eliminating the need for specific modification of each target detection 

oligonucleotide. The replacement of hydrogen peroxide with glucose as enzyme 
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substrate is an additional advantage the proposed platform offers, because it avoids 

the direct utilization and storage of hydrogenperoxide that is susceptible to 

decomposition and as a consequence incompatible with paper-based assays. Point-

of-care devices using paper-based lateral flow or dipstick assays have dominated 

the field of rapid diagnostics especially in low-resource settings because of their 

excellent features and versatility and the proposed bi-enzymatic DNA-based 

nanostructure platform is compatible with these type of assays.  

 

 

 

Figure 3.4: DNA detection with ELONA. (A) Optimization of capture probe 

concentration. (B) Optimization of detection probe concentration. (C) Optimization 

of the addition order of the enzyme-DNA binding protein conjugates. The error bars 

show the standard error of the mean (SEM) from triplicate samples. (D) Target 

calibration curves using detection probes with scCro/dHP DNA binding sites ratio 

of 1:1, 2:1 and 1:2. The error bars show the SEM from triplicate samples and three 

independent experiments. 
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The data obtained in this work also accentuates the importance of the ratio 

of the HRP and GOx enzymes for optimal performance, with an excess of GOx being 

favorable for increased assay sensitivity. Since the rate limiting step in the cascade 

reaction is the production of hydrogen peroxide, excess of GOx increases the amount 

produced which is in turn scavenged by HRP and used for signal generation. Similar 

observations have been reported before 32 during the co-immobilization of the two 

enzymes in copper phosphate-based nanoflowers were the excess of GOx resulted 

in higher assay sensitivity. In the sensing platform described here, the ratio of the 

two enzymes was easily manipulated just by changing the sequence of the hybrid 

ssDNA-dsDNA detection probe, thus demonstrating the flexibility of the proposed 

immobilization system based on the DNA binding protein tags which allowed 

further optimization of the signal generation step. Further improvement may be 

achieved by testing different spacing and orientations of the DNA binding sites, since 

several reports in the literature demonstrated the importance of the distance 

between HRP and GOx in a cascade configuration for optimal performance in order 

to reduce the diffusion of hydrogen peroxide in the bulk solvent, and prevent its 

decomposition 11,19,33,34.  

Finally, the specificity of the detection system, another important feature of 

biosensors, was evaluated by testing its response to three irrelevant sequences from 

different disease markers: CDH1 and HUWE1 for breast cancer and HLA-

DQA1*0201 for celiac disease. All four sequences including the target were used at 

high concentration (5 nM) under optimized assay conditions. As it is shown in Fig. 

3.5, the system is very specific for the target sequence from HPV16 since extremely 

low, background-level signal was obtained for the control sequences used. 
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Figure 3.5: Specificity of the sensing platform. Detection of different target 

ssDNA molecules was performed using the detection probes with scCro/dHP DNA 

binding sites ratio of 1:1, 2:1 and 1:2. The error bars show the SEM from triplicate 

samples. 

 

3.5 CONCLUSIONS 

 

A DNA sensing platform was described in this work based on an HRP/GOx bi-

enzymatic DNA nanostructure exploiting DNA binding protein tags. Two enzyme-

DNA binding protein tag conjugates and hybrid ssDNA-dsDNA detection probes 

containing specific sites for the binding of the enzyme conjugates were thus 

designed and used for the detection of model target HPV16 ssDNA. The preparation 

and characterization of the GOx-dHP conjugate was detailed in this work and the 

conjugate was subsequently used together with the previously reported HRP-scCro 

conjugate for the sensitive detection of target ssDNA. Under optimized assay 

conditions, increased DNA detection sensitivity and lower LOD were achieved when 

a detection probe containing one binding site for the HRP-scCro conjugate and two 

for the GOx-dHP conjugate was used compared to a detection probe providing an 

enzyme stoichiometry of 1:1. The performance of the biosensor in terms of LOD was 
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comparable to direct HRP systems using target-specific oligonucleotide-HRP 

conjugate further highlighting the advantageous use of the proposed DNA detection 

platform to provide fast signal generation with lower cost. The approach described 

herein allows the easy control of the pattern of co-immobilization of the two 

enzymes by simply selecting the distribution of the specific sequences for binding of 

the enzyme-DNA binding protein tags conjugates, providing facile manipulation of 

the ratio of the two enzymes for tailored signal generation. The enzyme conjugates 

could also be used as universal reporters for multiplex analyte detection in 

conjunction with multiple target-specific capture and ssDNA-dsDNA detection 

probes. Finally, the versatility of the proposed system is further demonstrated by its 

compatibility with paper-based diagnostics for point-of-care testing since the 

unstable hydrogen peroxide is substituted with glucose as enzyme substrate.  
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3.8 SUPPLEMANTARY MATERIAL 

3.8.1 Preparation of dimeric single-chain Lac headpiece with N-

terminal cysteine (cys-dHP) 

3.8.1.1 Cloning 

The monomeric DNA binding domain of the Escherichia coli Lac repressor 

protein headpiece (HP) gene with a V52C mutation was obtained from the HP62-

V52C construct 15 kindly provided by Dr. Gert Folkers (Utrecht University, 

Netherlands). In order to engineer a single chain homodimeric HP with an N-

terminal cysteine residue (cys-dHP), the monomeric HP gene was initially PCR 

amplified from the HP92-V52C construct using primers P31 and P26 in order to 

revert the V52C mutation (C52V) and allow overlap extension PCR to construct the 

dimeric gene. The product of the first PCR reaction was then used as the template 

for the second PCR with primers P32 and P28 to generate the second part. The two 

PCR products (approximately 200 bp each) were then used in overlap extension PCR 

with external primers P29 and P30 and the resulting product (dHP) of 

approximately 400 bp was digested with NcoI and HindIII restriction enzymes and 

ligated into digested pET22b plasmid. The resulting construct pVS11 was sequenced 

in order to validate the constructed dimeric gene. For the addition of a cysteine 

residue at the N-terminal of the dHP protein, the dHP gene was amplified with 

primers P60/P8 from pVS11 construct, digested with NcoI/HindIII restriction 

enzymes and ligated in digested pBADmychisA plasmid. The final pVS16 construct 

was verified by DNA sequencing. The sequences of all the primers used for the 

construction of pVS16 are listed in Table S-3.1.  
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Table S-3.1: Primers used for the construction of pVS16. 

 

Prime

r 

Sequence (5’ to 3’) 

P7 TAATACGACTCACTATAGGG 

P8 GCTAGTTATTGCTCAGCGG 

P26 AACCGCCTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATT

C 

P28 GCTCGATAGCACAAGCTTTTTGCCCGCCAGTTG 

P29 GTGCTATCCCATGGCC 

P30 GCTCGATAGCACAAGCTTTTTG 

P31 GTGCTATCCCATGGCCAAACCAGTAACGTTATACGATGTCGCAGAG 

P32 GGCGGGCAAAGGCGGTTCTGGCGGTTCTATGGCCAAACCAGTAACG 

P60 CTCTCCCATGGGCTGTAAACCAGTAACGTTATACGATGTCGC 

 

 

3.8.1.2 Expression and purification 

 

The pVS16 construct was transformed in BL21(DE3) Escherichia coli cells 

and the culture was grown in terrific broth supplemented with ampicillin at 37°C 

until OD600 reached approximately 1, at which point the expression of the protein 

was induced with 0.02 % arabinose. The culture was grown for another 3 h at 30°C, 

the cells were harvested and resuspended at 5 ml/g of wet cell weight with lysis 

buffer (50 mM Tris-HCl pH 7, 5 mM DTT, 5 % glycerol, 5 μg/ml DNaseI, 0.5 % Triton 
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X-100) and then lysed by sonication on ice for 10 min. The cell lysate was centrifuged 

at 14,000 rpm at 4°C, the soluble fraction (supernatant) was filtered (0.45 μm) and 

then loaded on an immobilized metal ion affinity chromatography (IMAC) gravity 

column packed with HisPure Ni-NTA-agarose resin pre-equilibrated with 

equilibration buffer (10 mM phosphate buffer pH 7.4, 300 mM NaCl). The column 

was washed with equilibration buffer containing 7.5 mM imidazole and the protein 

was eluted with the same buffer containing 500 mM imidazole. The buffer of the 

elution fraction was exchanged to 50 mM potassium phosphate pH 7 with 1 mM 

EDTA and the sample was loaded on a gravity column packed with SP Sepharose FF 

strong cation exchange resin equilibrated with the same buffer. The column was 

washed with the same buffer containing 50 mM NaCl and cys-dHP was finally eluted 

with the same buffer containing 1 M NaCl. The buffer of the elution fraction was 

exchanged to PBS (pH 7) supplemented with 50 % glycerol before storage at -20°C. 

The whole process was monitored by SDS-PAGE, as shown in Figure S-3.1. 

 

 

Figure S-3.1: SDS-PAGE analysis for the expression and purification of cys-

dHP. (A) IMAC purification. 1: Escherichia coli soluble fraction; 2: flowthrough 

fraction; 3-4: wash fractions; 5: elution fraction. (B) IEC purification. 1: IMAC elution 

fraction after buffer exchange; 2: flowthrough fraction; 3: wash fraction; 4: elution 

fraction.  
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3.8.2 Preparation of the hybrid ssDNA-dsDNA detection probes 

 

Table S-3.2: Oligonucleotides used for the preparation of the HPV16 

detection probes. The target complementary part is denoted in bold, the HRP-scCro 

binding sites are shown in italics and the GOX-dHP binding sites are underlined.  

 

Oligo 

(length) 

scCro/dHP 

stoichiometry 
Sequence (5’ to 3’) 

P88  

(69 nt) 

1:1 

TTGGAAGACCTGTTAATGGGCGCAACTATCACCG

CAAGTGATAAAAGAATTGTGAGCGGATAACAATTT 

P89  

(48 nt) 

AAATTGTTATCCGCTCACAATTCTTTTATCACTTGCG

GTGATAGTTGC 

P94  

(89 nt) 

2:1 

TTGGAAGACCTGTTAATGGGCGCAACTATCACCG

CAAGTGATAAAAGAATTGTGAGCGGATAACAATTTA

AATATCACCGCAAGTGATA 

P95  

(68 nt) 

TATCACTTGCGGTGATATTTAAATTGTTATCCGCTCA

CAATTCTTTTATCACTTGCGGTGATAGTTGC 

P92  

(95 nt) 

1:2 

TTGGAAGACCTGTTAATGGGCGCAACGAATTGTG

AGCGGATAACAATTTAAATATCACCGCAAGTGATAA

AAGAATTGTGAGCGGATAACAATTT 

P93  

(74 nt) 

AAATTGTTATCCGCTCACAATTCTTTTATCACTTGCG

GTGATATTTAAATTGTTATCCGCTCACAATTCGTTGC 
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Figure S-3.2: Agarose gel electrophoresis for the preparation of the HPV16 

detection probes with different binding sites stoichiometries. 
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3.8.3 Characterization of the GOx-dHP conjugate by MALDI-TOF mass 

spectroscopy 

 

Table S-3.3: Ion species and corresponding mass for GOx and GOx-dHP conjugate. 

mGOx corresponds to GOx enzyme monomer and dGOx corresponds to the 

homodimer. 

 

Ion species GOx (m/z) GOx-dHP (m/z) 

[mGOx+2H]2+ 37,363.4 38,006.4 

[mGOx+H]+ 74,483.4 75,824.7 

3[mGOx+2H]2+ 113,010.5  

[dGOx+H]+ 150,056.5 151,251.3 

[(mGOx+dHP)+2H]2+  46,120.0 

[(dGOx+dHP)+3H]3+  55,920.4 

[(dGOx+dHP)+2H]2+  85,129.1 

[(mGOx+dHP)+H]+  92,909.5 

[(dGOx+dHP)+H]+  168,158.4 
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3.8.4 DNA detection with ELONA 

 

Table S-3.4: Sequences of oligonucleotides used for DNA detection with 

ELONA. 

 

Oligonucleotide 

(length) 
Sequence (5’ to 3’) 

HPV16  

(159 nt) 

GCCCATTAACAGGTCTTCCAAAGTACGAATGTCTACGTGTGTG

CTTTGTACGCACAACCGAAGCGTAGAGTCACACTTGCAACAAA

AGGTTACAATATTGTAATGGGCTCTGTCCGGTTCTGCTTGTCCA

GCTGGACCATCTATTTCATCCTCCTCCTC 

CDH1  

(133 nt) 

GGGTTCCCTAAGGGTTGGACCTTGGAGGAATTCTTGCTTTGCTA

ATTCTGATTCTGCTGCTCTTGCTGTTTCTTCGGAGGAGAGCGAT

AGGCTGGTTCGTAATCGGTCTAGATTGGATCTTGCTGGCGCGTC

C 

HUWE1  

(137 nt) 

GGGTTCCCTAAGGGTTGGACCACCAAGCTGAAGGGCAAAATGC

AGAGCAGGTTTGACATGGCTGAGAATGTGGTAATTGTGGCATC

TCAGATTACGACGAACTCAATGAATCTAGATTGGATCTTGCTG

GCGCGTCC 

HLA-DQ1*0201  

(97 nt) 

GAGAGGAAGGAGACTGCCTGGCGGTGGCCTGAGTTCAGCAAA

TTTGGAGGTTTTGACCCGCAGGGTGCACTGAGAAACATGGCTG

TGGCAAAACACA 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Chapter 4 

 

Sandwich-type aptasensor employing 

modified aptamers and enzyme-DNA 

binding protein conjugates 

Analytical and Bioanalytical Chemistry 2019, 411: 3581–3589. 

   



 

 

  



  Chapter 4 

 

Doctoral Thesis-Gülsen Betül Aktas 105 

 

 

Chapter 4: Sandwich-type aptasensor employing modified 

aptamers and enzyme-DNA binding protein conjugates  

 

4.1 ABSTRACT 

 

The use of aptamers in various analytical applications as molecular 

recognition elements and as an alternative to antibodies, has led to the development 

of various platforms that facilitate the sensitive and specific detection of targets 

ranging from small molecules and proteins to whole cells. The goal of this work was 

to design a universal, target-specific and adaptable sandwich-type aptasensor 

exploiting the unique properties of DNA binding proteins. Specifically, two different 

enzyme-DNA binding protein tag conjugates, HRP-scCro and GOx-dHP, which have 

already been validated for nucleic acid detection in our previous works, were used 

for the direct detection of protein targets with two aptamers with the function of 

capture and detection. The specific dsDNA binding sequence for each DNA binding 

protein tag was incorporated in the form of a hairpin at one end of each aptamer 

sequence during the synthesis step. Detection was accomplished by an enzymatic 

cascade (HRP/GOx) reaction after the binding of each enzyme conjugate to its 

corresponding binding sequence on each aptamer. The proposed sandwich-type 

aptasensor was validated for the detection of thrombin, which is one of the most 

commonly used model targets with known dual aptamers and the limit of detection 

accomplished was 0.92 nM which is comparable with other colorimetric platforms 

reported in the literature. Moreover, when two LacI binding sites were incorporated 

in the detection aptamer sequence in an effort to change the enzyme ratio, the limit 

of detection did not change (0.88 nM) but increased sensitivity was observed. 

Finally, the compatibility of the two enzyme-DNA binding protein conjugates with 

paper-based assays was demonstrated by a basic lateral flow assay. 
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4.2 INTRODUCTION 

 

Over the past decade, researchers have investigated new molecular 

diagnostics approaches to meet the high demand to detect biomarkers for various 

diseases 1,2. Primarily, antibodies have served as biomolecular recognition elements 

in various systems 3, and they provide highly specific and sensitive detection of their 

respective targets. They also display some disadvantages such as high cost, long 

production time, batch to batch variability and instability while in storage. In order 

to overcome some of these drawbacks, the utilization of aptamers has been explored 

in different detection platforms as alternative recognition molecules 4-6. Aptamers 

are single stranded nucleic acids that fold into specific three-dimensional structures 

based on their nucleic acid sequence and bind to their target with high affinity and 

selectivity 7. 

Aptamers have been developed to bind a broad range of targets such as 

proteins 8, peptides 9, amino acids 10, vitamins 11 and whole cells 12. Due to the ease 

of chemical modification of oligonucleotides, various reactive groups and labels 

have been implemented into the sequence of aptamers, such as thiol, amine and 

biotin among others, to facilitate their oriented immobilization on different sensing 

platforms 13. Additionally, pairs of aptamers (dual aptamers) have also been 

developed for some targets, including proteins and whole cells, that are able to bind 

to distinct aptatopes on their respective target, thus facilitating the design of 

sandwich-type biosensors with enhanced sensitivity and specificity 14. Different 

platforms employing colorimetric, electrochemical, or SPR-mediated detection have 

used dual aptamers in sandwich-type aptasensors 15-17. SPR-based analysis is highly 

sensitive but the high cost associated with the specific equipment and the 

requirement for trained personnel limits the use of the technique. On the other hand, 

colorimetric biosensors in combination with lateral flow assays are favored because 

of their sensitivity, low cost and straightforward result evaluation by naked eye 

without the need of a measuring device. However, the labeling of the aptamers 

(capture and/or detection aptamer) to facilitate immobilization and/or detection in 

these type of assays results in increased cost.  
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In our previous work, we developed two DNA binding proteins-enzyme 

conjugates and demonstrated their use for the sensitive colorimetric detection of 

ssDNA targets, either alone or in a cascade reaction. Horseradish peroxidase (HRP) 

was conjugated to a single-chain version of the bacteriophage lambda Cro DNA 

binding protein (HRP-scCro conjugate) whereas the dimeric form of the headpiece 

domain of the Escherichia coli LacI repressor protein (dHP) was used for conjugation 

to glucose oxidase (GOX-dHP conjugate) 18. The reported detection system exploited 

the high affinity and specificity that the DNA binding proteins display for their 

specific dsDNA binding sites. Binding of the two enzyme conjugates HRP-scCro and 

GOx-dHP to the detection probe with incorporated binding sites for the two DNA 

binding proteins resulted in a cascade reaction and color development after 

substrate (glucose and AEC) addition. 

Herein, we demonstrate the applicability of these two enzyme-DNA binding 

protein conjugates in sandwich aptasensors for the detection of targets other than 

DNA. Thrombin, an enzyme involved in blood coagulation and platelet aggregation 

19, was used as a model target since dual aptamers for this target are readily 

available. The two aptamers TBA15 20 and TBA29 21 have been widely used for the 

development of various sandwich-type assays, making thrombin one of the most 

commonly investigated proteins in aptamer-based sandwich assays 22. In this work, 

we present the detection of thrombin in a sandwich system by using modified dual 

aptamers which include the binding sites for each DNA binding protein and the bi-

enzymatic HRP/GOx cascade system. As it can be seen in Fig. 4.1, the two enzyme 

conjugates were designed to bind individually on each of the modified aptamers and 

to avoid steric hindrance effects. The system was optimized in terms of choice of 

capture and detection aptamer in addition to the concentrations of several 

components (capture aptamer, detection aptamer and enzyme conjugates) to 

improve the performance and enable the sensitive detection of thrombin. Moreover, 

the effect of the ratio of the two enzyme conjugates on target detection was also 

investigated by employing a detection aptamer which incorporated two binding 

sites for one of the enzyme conjugates. The applicability of the system in paper-
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based sandwich-type detection of targets was finally evaluated in a lateral flow 

assay designed as a proof of concept. 

 

 

 

Figure 4.1: The proposed aptamer-based sandwich-type system for target 

detection via modified dual aptamers and HRP-scCro and GOx-dHP enzyme-DNA 

binding protein conjugates.  

 

4.3 EXPERIMENTAL 

 

4.3.1 Materials 

 

Thrombin from human plasma, glucose and 3,3',5,5'-tetramethylbenzidine 

(TMB) were purchased from Sigma Aldrich (Madrid, Spain) and neutravidin-coated 

microtiter strip plate s from Fisher Scientific (Barcelona, Spain). Thrombin 

aptamers TBA15 20 and TBA29 21 used for detection of thrombin were modified in 

order to include the specific binding sites for the GOx-dHP and HRP-scCro enzymes 

conjugates. They were synthesized by Eurofins (Ebersberg, Germany) and their 

sequences are shown in Table 4.1. All other reagents were purchased from Fisher 
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Scientific (Barcelona, Spain), Sigma-Aldrich (Madrid, Spain) and Scharlau 

(Barcelona, Spain).  

 

4.3.2 Preparation and characterization of the modified aptamers 

 

The modified aptamers with one enzyme conjugate binding site were 

prepared in the form of hairpins whereas in the case of two binding sites, two 

partially complementary oligonucleotides were hybridized, with one of them part of 

the aptamer. Twenty microliters of 10 µM modified aptamer with one enzyme 

conjugate binding site in buffer A (10 mM Tris-HCl pH 8, 1 mM EDTA, 100 mM KCl) 

were heated up to 95°C for 5 min to dissociate any intermolecular interactions, and 

then gradually cooled to room temperature to allow the aptamer to fold properly 

and also to form the hairpin with the DNA binding protein binding site. For the 

modified aptamer with two GOx-dHP binding sites, the oligonucleotide pair (P109 

with P110) were mixed in buffer A at a final concentration of 10 μM each oligo in a 

total of 20 μl, heated for 5 min at 95°C and then slowly cooled down to room 

temperature. The hybridization efficiency was evaluated by agarose gel 

electrophoresis (Fig. S-4.1). Electrophoretic mobility shift assay (EMSA) was used to 

evaluate the binding of thrombin and the enzyme conjugates GOx-dHP and HRP-

scCro to the modified aptamers. The binding mixtures (20 µl total) were prepared 

in buffer B (20 mM potassium phosphate pH 7.5, 140 mM NaCl, 5 mM KCl, 1 mM 

MgCl2, 1 mM CaCl2, 0.05 % Tween-20, 5 % glycerol) and they contained 200 nM of 

modified aptamer and 400 nM of each protein species. The mixtures were incubated 

for 1 hour at room temperature and then resolved on a 5 % non-denaturing 

polyacrylamide gel for 60 min at 80V in TAE buffer. The gel was finally stained for 

30 min with GelRed before visualization. 
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Table 4.1: Oligonucleotides used for thrombin detection. The thrombin 

aptamer sequences are in bold, the binding site for HRP-scCro in italics and for GOX-

dHP underlined.  

 

Oligo (length) Description and sequence (5’ to 3’) 

P96 (74 nt) 5'-biotin-TBA29-T7-1xCro-3' 

AGTCCGTGGTAGGGCAGGTTGGGGTGACTTTTTTTTTATCACC

GCAAGTGATATTTTTATCACTTGCGGTGATA 

P97 (68 nt) 5'-TBA15-T4-1xLacI-3' 

GGTTGGTGTGGTTGGTTTTGAATTGTGAGCGGATAACAATTTTT

TAATTGTTATCCGCTCACAATTCA 

P106 (70 nt) 5'-biotin-T10-TBA15-T7-1xCro-3' 

TTTTTTTTTTGGTTGGTGTGGTTGGTTTTTTTTATCACCGCAAGTG

ATATTTTTATCACTTGCGGTGATA 

P107 (87 nt)  5'-1xLacI-T7-TBA29-3' 

GAATTGTGAGCGGATAACAATTTTTTTTTAATTGTTATCCGC

TCACAATTCTTTTTTTAGTCCGTGGTAGGGCAGGTTGGGG

TGACT 

P109 (80 nt) 5'-2xLacI-T7-TBA29-3' 

GAATTGTGAGCGGATAACAATTTTGAATTGTGAGCGGATA

ACAATTTTTTTAGTCCGTGGTAGGGCAGGTTGGGGTGAC

T 

P110 (44 nt) 5'-2xLacI complementary-3' 

TTGTTATCCGCTCACAATTCAAAATTGTTATCCGCTCACAAT

TC 

Probe 8 (47 nt) 5'-1x-Cro-N6-1xLacI-3' 

TATTATCACCGCAAGTGATACGACATGAATTGTGAGCGCTCA

CAATT 

AATTGTGAGCGCTCACAATTCATGTCGTATCACTTGCGGTGA

TAATA 
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4.3.3 Thrombin colorimetric detection with enzyme-linked aptamer 

assay (ELAA) 

 

The biotinylated capture and the detection aptamer with one enzyme 

conjugate binding site (prepared in buffer A) were heated for 5 min at 95°C and then 

cooled down to room temperature prior to use. Then, 50 μl of the capture aptamer 

in buffer C (20 mM potassium phosphate pH 7.5, 140 mM NaCl, 5 mM KCl, 1 mM 

MgCl2, 1 mM CaCl2, 0.05 % Tween-20, 0.5 % BSA) were added to a neutravidin-

coated plate and incubated for 30 min at room temperature. The wells were washed 

three times with 300 μl of wash buffer (buffer C without BSA) and then 50 μl of 

thrombin in buffer C were added and incubated for 1h at room temperature. The 

wells were washed again three times with 300 μl of wash buffer and 50 μl of 

detection aptamer, with one or two LacI binding sites, were added and binding to 

thrombin proceeded for 1 h at room temperature. After three washes with 300 μl 

wash buffer, 50 μl of HRP-scCro enzyme conjugate in buffer C was added and 

incubated for 30 min at room temperature, the wells were washed three times with 

300 μl wash buffer and 50 μl of GOx-dHP enzyme conjugate in buffer D (20 mM 

potassium phosphate pH 7.5, 100 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 0.05 

% Tween-20, 0.5 % BSA) were added and incubated for 30 min at room 

temperature. The wells were finally washed three times with 300 μl buffer D without 

BSA and then 50 μl of freshly prepared mixture of 250 mM glucose and 1 mM TMB 

were added to the wells. Color development was stopped after 45 min by the 

addition of 50 μl of 1M H2SO4 and the absorbance at 450 nm was measured using a 

Cary 100 Bio UV visible Spectrophotometer. Optimization of the ELAA was 

performed for capture aptamer choice, capture and detection aptamer 

concentration and the enzyme-DNA binding proteins conjugates concentration 

using the general ELAA setup described above. Optimized conditions were finally 

used to obtain thrombin calibration curves. 
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4.3.3.1 Capture aptamer choice 

 

The two thrombin aptamers used in this work that bind to different 

aptatopes were evaluated for serving as the capture aptamer. For this, 50 µl of 50 

nM of each biotinylated modified capture aptamers P106 and P96 (bt-TBA15-1xCro 

and bt-TBA29-1xCro respectively) with one scCro binding site were individually 

immobilized on neutravidin-coated wells. Thrombin was used at 10 nM, the 

detection aptamers, P107 (1xLacI-TBA29) for P106 capture aptamer and P97 

(TBA15-1xLacI) for P96 capture aptamer, at 50 nM and the enzyme conjugates HRP-

scCro and GOx-dHP) at an equimolar mixture of 25 nM each in buffer E. 

 

4.3.3.2 Optimization of capture aptamer concentration 

 

The capture aptamer P106 concentration was titrated from 10 nM to 150 nM. 

Thrombin was used at 10 nM, the detection aptamer P107 with one LacI binding site 

at 50 nM and the enzyme conjugates (HRP-scCro and GOx-dHP) at 25 nM.  

 

4.3.3.3 Optimization of detection aptamer concentration 

 

Using an optimized concentration of the capture aptamer P106 at 75 nM and 

thrombin at 10 nM, the detection aptamer P107 with one LacI binding site was 

titrated from 50 nM to 125 nM. The enzyme conjugates (HRP-scCro and GOx-dHP) 

were used as a mixture with an equimolar concentration of 25 nM each for detection.  
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4.3.3.4 Optimization of DNA binding protein conjugates concentration  

 

With the capture aptamer P106 at 75 nM, thrombin at 10 nM and the 

detection aptamer P107 with one LacI binding site at 100 nM, the concentration of 

both enzyme conjugates GOx-dHP and HRP-scCro were titrated from 5 to 25 nM.  

 

4.3.4 Detection of thrombin using the enzyme conjugates in a lateral 

flow assay  

 

A lateral flow assay was developed as a proof of concept for the applicability 

of the enzyme conjugates in a paper-based method for the detection of thrombin. 

FF170HP nitrocellulose membrane (Whatman, Germany) and glass cellulose 

absorbent pad (Whatman, UK) were used. The test line comprised of streptavidin (1 

mg/ml) with biotinylated capture aptamer P106 (30 uM) and the control line of 

streptavidin (1 mg/ml) with biotinylated control probe 8 (see Table 4-1) which 

contains one binding site for each enzyme conjugate. The streptavidin-biotinylated 

DNA mixtures were incubated in buffer C for 30 min at room temperature before 

deposition on the nitrocellulose membrane using a pipette tip. Subsequently, the 

membrane was dried at room temperature for 1 hour and blocked with 1% w/v 

skimmed milk powder and 0.1% w/v Empigen detergent in PBST for 15 minutes, 

under shaking conditions at room temperature. The membrane was finally allowed 

to dry for 1 hour and stored at 4°C until use. For detection, thrombin and the 

detection aptamer P107 (at 2 µM each in buffer C) were incubated for 30 minutes at 

room temperature. Then, 20 µl of the mixture were wicked on to the membrane and 

incubated until dry. Following, 20 µl of 50 nM of HRP-scCro enzyme conjugate in 

buffer C was flowed along the strip until dry and finally, 20 µl of 50 nM GOx-dHP 

enzyme conjugate in buffer C supplemented with 100 mM NaCl was added. For 

naked-eye detection, a freshly prepared substrate solution (1 mM AEC, 250 mM 

glucose in 100 mM potassium phosphate pH 5) was added to the strip and allowed 

to develop (red color) for 5 min at room temperature.  
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4.4 RESULTS AND DISCUSSION 

4.4.1 Design of the colorimetric sandwich-type aptasensor 

 

The proposed sandwich-type target detection system relies on the use of dual 

modified aptamers by incorporating in each of their sequences a different dsDNA 

binding site specific for a DNA binding protein in the form of a hairpin. The two DNA 

binding proteins required for this system, which in this case are scCro and dHP, are 

used as GOx and HRP enzyme conjugates and provide the link between target 

recognition and signal generation. As it is illustrated in Fig. 4.1, recognition of the 

model target thrombin by the capture aptamer enables its consequent detection by 

the detection aptamer. The GOx-dHP and HRP-scCro enzyme conjugates can then 

bind on the dsDNA part of the modified aptamers and form an enzymatic cascade 

system that provides a colorimetric signal for the detection of thrombin. In our 

previous work, we demonstrated the use of these enzyme conjugates and enzymatic 

cascade for the sensitive detection of target ssDNA 18. Herein, we provide an 

example of the application of the enzymes conjugates for the detection of non-

nucleic acid targets using aptamers as molecular recognition elements. The dsDNA 

binding site for each enzyme conjugate was introduced into the sequence of each 

aptamer during the synthesis step, thus avoiding additional post-synthesis 

modification steps, with the exception of biotin modification of one of the aptamers 

that was required to facilitate immobilization through affinity interactions. The 

enzyme conjugates binding sites on the modified aptamers were formed through 

hairpin assembly (see Table 4.1 for sequences). When two identical binding sites for 

dHP were required on the detection aptamer in order to study the effect of enzyme 

ratio on signal generation, a hybridization step of partially complementary oligos 

was performed (Fig. S-4.1) to avoid the formation of half-sites because of the 

palindromic nature of this particular binding sequence. The capture aptamer (with 

the biotin modification) always contained the binding site for the HRP-scCro enzyme 

conjugate and the detection aptamer the binding site for the GOx-dHP, in order to 

minimize any possible background signal in the absence of target.  
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4.4.2 Preparation and characterization of the modified aptamers 

 

The two aptamers used, TBA15 and TBA29, have been extensively used as 

dual aptamers models for the development of different types of biosensors. The 

reported three-dimensional structures of the complexes between thrombin and 

TBA15 aptamer (PDB code 4DIH) and TBA29 aptamer (PDB code 4I7Y) have shed 

light on the way these two aptamers bind their target at two parts of the protein that 

are more than 30 Å apart 23. To maintain the distance between the two modified 

aptamers and to avoid any possible steric hindrance effects between HRP-scCro and 

the bulky GOx-dHP, TBA15 was extended with the DNA binding sequence at the 3’ 

end and TBA29 at the 5’ end since, according to the crystal structures, these ends 

are distanced from the target protein binding sites. This configuration would 

facilitate the co-binding of the two modified aptamers and the subsequent co-

binding of the two enzyme conjugates.  

The binding properties of the modified aptamers were evaluated using an 

electrophoretic mobility shift assay (EMSA). The aptamers were incubated 

separately with different protein species and the samples were resolved on a non-

denaturing polyacrylamide gel. Unbound sequences run faster on the gel compared 

to their counterparts with a protein species bound on them, resulting in gel 

retardation due to the increased size. As it can be seen in Fig. 4.2, the modified 

aptamers are able to bind both their target thrombin and the corresponding DNA 

binding protein whose specific dsDNA binding site has been incorporated into their 

sequence. These results confirm the correct folding of each aptamer into their 

respective G-quadruplex configuration and the simultaneous formation of the 

hairpin loops containing the DNA binding protein binding sites.  
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Figure 4.2: Binding of different protein species to the modified thrombin 

aptamers by EMSA. Lane 1: Capture aptamer P106 (TBA15-1xCro); lane 2: P106 + 

scCro; lane 3: P106 + thrombin; lane 4: P106 + scCro + thrombin; lane 5: detection 

aptamer P96 (1xLacI-TBA29); lane 6: P96 + dHP; lane 7: P96 + thrombin; lane 8: P96 

+ dHP + thrombin. 

 

4.4.3 Colorimetric detection by ELAA 

 

In the aptamer-based target detection, HRP-scCro and GOx-dHP are utilized 

for simultaneous signal generation after binding to the specific sequence extensions 

on the aptamers (Fig. 4.1). The Enzyme Linked Aptamer Assay (ELAA) was 

optimized for each element in the platform: capture aptamer choice (a), capture and 

detection aptamer concentration (b), DNA binding protein enzymes concentration 

(c). The signal generated with HRP and GOx enzyme cascade reaction results from 

the conversion of glucose to gluconic acid and hydrogen peroxide and subsequent 

electron transfer from hydrogen peroxide to reduced TMB to form the blue colored 

product. 

 

1       2       3       4     5      6       7      8       
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Figure 4.3: Aptamer-based target detection with Enzyme Linked Aptamer 

Assay. a) Choice of capture aptamer. b) Optimization of capture aptamer 

concentration. c) Optimization of the detection aptamer concentration. d) 

Optimization of the enzyme-DNA binding protein conjugates concentration. The 

error bars show the standard deviation from triplicate samples.  

 

We provide two different capture aptamer strategies to be chosen; TBA15 

or TBA29 with scCro DNA binding site. Many studies used TBA15 as capture 

aptamer since TBA29 can bind stronger to the thrombin and can provide a good 

signal as the detection aptamer 22. In this report, we evaluated the optimum capture 

aptamer choice for our modified aptamers. As the Fig. 4.3 (a) shows the TBA15 

aptamer provided a better signal (about 40% more) over TBA29 as capture 

aptamer, therefore, TBA15 was chosen as capture aptamer. Next, the effect of 

capture aptamer concentration was assessed by changing its immobilization 

concentration from 20 to 150 nM while keeping the concentrations of the rest of the 
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components the same. As shown in Fig. 4.3 (b), the optimum signal is achieved with 

a 75 nM capture aptamer concentration. A possible explanation for the observed 

trend is an increase in aptamer immobilization until saturation of binding sites is 

reached. The concentration of detection aptamer was also optimized by changing its 

immobilization concentration from 50 to 125 nM while keeping the rest of 

components at the same concentration. As it can be seen in Fig. 4.3 (c), a signal 

increase occurs with the increase of the detection aptamer concentration up to 100 

nM and then it plateaus, therefore 100 nM was chosen for further work. Finally, the 

effect of the enzyme conjugates concentration was evaluated. The enzyme 

conjugates were titrated from 5 nM to 25 nM and the highest signal was obtained 

for the maximum enzyme conjugate concentration (Fig. 4.3 (d)).  

Thrombin was titrated to obtain the target calibration curves with one and 

two LacI DNA binding sites on the detection aptamer using the optimized conditions 

for the colorimetric assay. The calibration curve of colorimetric signal (absorbance 

450 nm) versus thrombin concentration fitted a quadratic model (Fig. 4.4). The limit 

of detection (LOD) of the assay was also calculated as three times the standard 

deviation of the blank plus the average of blank measurements. The LOD calculated 

was 0.92 and 0.88 nM for one and two LacI binding site respectively. These results 

also show improved sensitivity by the addition of an additional LacI binding site. 

Most of the thrombin colorimetric assays, based on enzymatic or non-enzymatic 

detection, have LODs in the low nanomolar range and for some systems based on 

gold nanoparticles it can go down to the picomolar range (Table S-4.1). The reported 

LOD of our system in the low nanomolar range is in line with most thrombin 

colorimetric assays. Detection with gold nanoparticles can result in high sensitivity 

and very low LODs, but depending on the configuration these nanoparticles need to 

be modified when changing the target/aptamer base 24,25. On the other hand, the 

aptamer-based target detection with two enzyme-DNA binding protein conjugates 

that we propose, provides a sensitive, simple and a direct universal detection 

platform. 
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The enhanced signal with an excess of GOx enzyme over HRP on thrombin 

detection is in agreement with our previous work for ssDNA target detection and 

utilizing the same enzymatic cascade 18. 

 

 

 

 

 

 

Figure 4.4: Target calibration curves using detection aptamers with one or 

two LacI DNA binding sites. The error bars show the standard deviation from 

triplicate samples and three independent experiments. 

 

4.4.4 Lateral flow assay 

 

Point-of-care devices using paper-based lateral flow assays have gained a lot 

of interest in the field of rapid diagnostics due to their low cost and straightforward 

detection. As a simple proof of concept, we evaluated the ELAA platform in a paper-

based lateral flow configuration for the detection of thrombin. Some studies have 

focused on the aptamer-based lateral flow devices that can be used as simple 

“dipsticks” or a litmus-test type of assay 26, while others detected thrombin with 

sandwiched aptamers in lateral flow configuration 25. In both cases, gold 

nanoparticles were utilized for the qualitative aptamer-based target detection. Gold 

LacI binding sites 

on detection aptamer 

LOD 

(nM) 

Equation R2 

1 0.92 0.0009x2 + 0.061x + 0.0541 0.99 

2 0.88 0.0026x2 + 0.0662x + 0.0501 0.99 
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nanoparticles are widely used in lateral flow assays and they provide an easily 

detectable red color signal 27. On the other hand, many gold nanoparticles detection 

configurations need the nanoparticles to be modified with aptamers depending on 

the target. The proposed work eliminates the need of nanoparticle modification and 

it also eliminates the need to store the unstable hydrogen peroxide. The paper-based 

thrombin detection via two enzyme-DNA binding protein and dual aptamers is 

suitable for these type of assays (Fig. 4.5). Due to the non-optimized conditions the 

background is still quite high, but there is still a significant difference between signal 

from the negative and positive controls. This high background may be a 

consequence of the fact that HRP is always bound to the capture aptamer at the test 

line as well as from some non-specific interaction of the GOx-dHP enzyme conjugate 

in the absence of the target with the test line. Future work will focus on the 

optimization of the system in order to reduce this background.  

 

 

 

Figure 4.5: Lateral flow assay for thrombin detection with enzyme-DNA 

binding protein conjugates. Lane 1-2-3: Negative control (triplicate); lane 4-5-6: 

Positive control (triplicate). 
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4.5 CONCLUSIONS 

 

We have developed a universal aptamer-based target detection system using 

HRP-scCro and GOx-dHP conjugates. Two distinct thrombin-binding aptamers were 

modified to include specific DNA binding sites of the enzyme conjugates to enable 

recognition and detection of the target. The optimized thrombin detection system 

provided a direct, universal and sensitive method. In addition, the suitability of the 

method for lateral flow assays was shown. Overall, the performance of the proposed 

assay was comparable to other colorimetric thrombin detection systems with a limit 

of detection achieved in the subnanomolar range. One of the main advantages of the 

proposed system is the simplicity and low cost of the aptamer modification.  
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4.8 SUPPLEMANTARY MATERIAL 

 

 

Figure S-4.1: Agarose gel electrophoresis for the preparation of the 

detection aptamer with 2xLacI binding sites. Lane 1: Detection aptamer with two 

LacI DNA binding sites (P109); lane 2: Complementary to P109 (P110); lane 3: 

Hybridization reaction of P109 + P110. 

  

1            2           3
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Table S-4.1: Comparison of various colorimetric detection approaches 

employed for thrombin detection. 

 

Description LOD Reference 

Ag/Pt Nanoclusturs for peroxidase-like detection 2.6 nM 28 

Single aptamer sequence based enzyme-linked assay 10 nM 29 

DNAzyme mimics peroxidase for a colorimetric detection assay 20 nM 30 

Label-free molecular beacon based detection 20.5 nM 31 

AuNPs-based sensing technique with a hairpin aptamer probe 50 pM 24 

Enzyme-free colorimetric bioassay based on gold 
nanoparticles 

30-320 pM 32 

Aptamer-based strip biosensor detection with gold 
nanoparticles 

2.5 nM 25 

 

Universal enzyme-DNA binding protein conjugates for aptamer 
based target detection 

0.88-0.92 nM This work 
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Chapter 5: Paper-based detection of Shiga toxin-producing 

Escherichia coli using carbon nanoparticles-DNA binding 

protein conjugates 

 

5.1 ABSTRACT 

 

Nucleic acid lateral flow assays (NALFA) are widely used to detect specific 

DNA sequences due to their simplicity, speed and low cost. These assays are very 

suitable for point-of-care applications. Detection on NALFA strips is usually 

accomplished by means of DNA hybridization using gold nanoparticles conjugated 

to specific detection ssDNA sequences or through affinity interactions of labeled PCR 

amplicons with protein conjugates specific to the labels. The ssDNA form of the 

target is required for hybridization-based detection and it is usually generated after 

the PCR amplification step. On the other hand, for the detection methods based on 

affinity interactions, the target DNA is amplified by PCR using labeled primers and 

the incorporated labels are detected through protein-label interactions. To avoid the 

need to generate ssDNA and to reduce the cost associated with primer labeling and 

usage of specific antibodies, we have developed a NALFA assay that allows the direct 

detection of PCR amplicons using DNA binding proteins and carbon nanoparticles 

(CNPs). The target gene was amplified by PCR using a single fluorophore-labeled 

forward primer and a reverse primer whose sequence was extended with the 

binding sequence of bacteriophage lambda Cro repressor protein. As a result, the 

dsDNA amplicons could be detected directly with NALFA using Cro-carbon 

nanoparticles conjugates. Specifically, the carbon nanoparticles were separately 

conjugated to the monomeric single-chain format of the Cro DNA binding protein 

(scCro) and its HRP conjugate (HRP-scCro). Three different detection approaches 

were evaluated: scCro/CNPs conjugate for carbon black color, HRP-scCro enzyme 

conjugate for enzymatically generated red color and HRP-scCro/CNPs conjugate for 

dual color development combining the carbon black color and the enzymatically 

generated red color. The proposed system was validated for the detection of Shiga 



 

 

toxin-producing Escherichia coli through the amplification and detection of the 

specific gene target 16S ribosomal RNA from the O157:H7 serotype pathogenic 

strain. The scCro/CNP detection approach proved to be the fastest one to perform 

while the HRP-scCro/CNP the most sensitive one. Nevertheless, comparable visual 

limits of detection were accomplished with all three detection approaches, with 3.75 

ng of PCR product (corresponding to 6.5 x 103 cfu/ml) being the lowest visual LOD 

obtained.  

 

5.2 INTRODUCTION 

 

The interest for point-of-care (POC) diagnostics is rapidly increasing due to 

the need for fast and accurate detection in low resource settings. Therefore, 

different types of biosensors suitable for this purpose have been developed. Lateral 

flow assays (LFAs) are one example and they have been widely adopted for POC 

analysis because of their simplicity, low-cost, user friendly nature and their ability 

to successfully deliver qualitative and in certain cases quantitative results 1-3. LFA 

assays for DNA targets (Nucleic Acid Lateral Flow, NALFA) have gained a lot of 

interest because of their usefulness for the detection of pathogens 4 and biological 

warfare agents, DNA diagnostics, gene analysis and forensic applications 5-7. For 

increased sensitivity and specificity, the target is amplified by PCR prior to use in 

NALFA and then visualized through a reporter molecule. Different strategies have 

been developed and the most commonly used reporters are gold nanoparticles 8, 

carbon nanoparticles 9, enzymes 10, colored latex beads 11, magnetic particles 12,13, 

selenium nanoparticles 14, silver nanoparticles 15, quantum dots 16, organic 

fluorophores 17 and others 1. Detection of the target is accomplished through 

complementary base pairing 18-19 or through affinity interactions. In the case of 

complementary base pairing, the dsDNA target after amplification is used for the 

preparation of the ssDNA form and used for hybridization with the target-specific 

complementary probe conjugated with a reporter. This approach is complex and 

requires many steps whereas discrepancies might arise during the ssDNA 

preparation step. Also, it requires the preparation of target-specific reporters for 

each target. On the other hand, for detection through affinity interactions, labeled 



 

 

primers are used during PCR amplification and the labeled amplicon can then be 

detected through a reporter conjugated to a specific protein that recognizes this 

label. Typically, a biotinylated primer is used along with streptavidin/neutravidin-

conjugated reporter 20-21. Other examples are small fluorophores incorporated in 

the primer sequence after oligonucleotide synthesis and specific antibodies 

conjugated to the reporters are used for target detection. The use of labeled primers 

circumvents the need for ssDNA preparation and allows the direct detection of the 

PCR product through universal reporters. This approach is associated with 

increased primer costs of more than 40% deriving from oligonucleotide post-

synthesis modifications. Moreover, the biotinylated PCR product can only bind one 

reporter-streptavidin conjugate per molecule, suggesting that the signal obtained 

can be limited.  

In this work, an alternative direct detection of the PCR product on NALFA 

tests is proposed based on DNA binding protein-carbon nanoparticles conjugates. 

The forward primer used for amplification is labeled with a fluorophore whereas 

the reverse primer is modified during oligonucleotide synthesis with a DNA 

extension corresponding to the specific binding sequence of the bacteriophage 

lambda Cro DNA binding protein. The resulting PCR amplicon contains a 

fluorophore at one end and the Cro dsDNA binding site at the other and it is captured 

on the NALFA test line by fluorophore-specific antibody. It should be pointed out 

that the fluorophore label is just present as an antigen to be recognized by the 

antibody, there is no utilization of its fluorescent properties. Detection is 

accomplished through carbon nanoparticles (CNPs) conjugated to the single-chain 

format of Cro (scCro) or to its HPR conjugate (HRP-scCro), as shown in Fig. 5.1. scCro 

is a small (17 kDa) single-chain monomeric variant of the Cro protein and it has been 

shown to retain the high affinity of the wild-type homodimeric protein for its 

binding sequence 22. The CNPs were chosen for visualization on NALFA tests 

because of their good sensitivity and signal-to-noise ratio owing to the high contrast 

between the dark black color of carbon on the white nitrocellulose membrane 

background. Also, they are easy to prepare and stable in their conjugated form. They 

do not require chemical crosslinking but rather direct adsorption of the desired 

protein and they have a low cost compared to other labels 23,1,24,9,25.  



 

 

 

 

Figure 5.1: Scheme of different approaches on the control line NALFA test 

for the Shiga toxin-producing E. coli detection: a) scCro/carbon nanoparticles; b) 

HRP-scCro enzyme conjugate; and c) HRP-scCro/carbon nanoparticles conjugate. 

Three different approaches were evaluated as summarized in Fig. 5.1: (a) 

scCro immobilized on carbon nanoparticles (scCro/CNP) for CNP-mediated 

visualization (carbon black color); (b) HRP-scCro conjugate for enzymatically 

generated red color; and (c) HRP-scCro immobilized on carbon nanoparticles (HRP-

scCro/CNP) for dual color development (black + red color). The dual color 



 

 

development was performed in an effort to increase the sensitivity of the assay, 

since enzyme-based dual-labeled nanoparticles have been demonstrated before and 

their use in NALFA was successful in enhancing the signal obtained 26,27. In our 

previous works we have shown the use of the HRP-scCo enzyme conjugate for signal 

amplification in the detection of ssDNA targets in ELONA assays, alone or in a 

cascade reaction with GOx-dHP enzyme conjugate 22,30. We have also developed 

paper-based assays for the detection of DNA targets using biotinylated PCR 

amplicons and neutravidin-carbon nanoparticles conjugates, in dipstick and in 

microarray formats 20. Herein, we demonstrate the compatibility of the DNA binding 

protein scCro and its HRP-scCro enzyme conjugate as carbon nanoparticle 

conjugates with POC applications such as the NALFA dipsticks. We provide an 

example of the use of these alternative detection methods that minimize the amount 

of antibodies required, avoids the use of the (neutr)avidin-biotin system and 

reduces the need of additional post-synthesis chemical labeling of primers, 

ultimately leading to lower costs. The assay was validated for the detection of Shiga 

toxin-producing Escherichia coli. Even though many E. coli strains are harmless, 

some of them produce Shiga toxin and are thus pathogenic, causing diarrhea, 

hemorrhagic colitis or hemolytic uremic syndrome. The O157:H7 serotype, 

frequently associated with illness outbreaks 28 was chosen as the target strain and 

specifically the gene encoding for 16S ribosomal RNA (hui) was amplified from 

genomic DNA purified from this strain using the modified primers described above 

and detected through the developed method. 

  



 

 

5.3 EXPERIMENTAL 

5.3.1 Materials 

 

The DNA oligonucleotides were purchased from Biomers.net (Ulm, Germany) 

and Eurofins Genomics (Netherlands) and their sequences are shown in Table 5.1. 

High binding Nunc microplates were provided from Grenier Bio-One (Netherlands). 

Polyclonal antibody against Alexa Fluor 488 was obtained from ThermoFisher and 

monoclonal anti-His-tag antibody from GE HeathCare (Finland). The Shiga toxin-

producing Escherichia coli strain EDL 933 (O157:H7 serotype) was used for the 

isolation of genomic DNA as described before 1, with 5 x 108 cfu/mL corresponding 

to a DNA concentration of 831 ng/μL. All other reagents were purchased from Fisher 

Scientific (Barcelona, Spain) and Sigma-Aldrich (Madrid, Spain).  

 

5.3.2 Polymerase Chain Reaction 

 

The hui gene encoding for the E. coli 16S ribosomal RNA was used as the 

target for the specific detection of E. coli. The primers used for the amplification of 

the gene from genomic DNA were designed according to the literature.1 The forward 

primer was labeled with Alexa Fluor 488 while the sequence of the reverse primer 

was modified in order to include one or two copies of the specific binding sequence 

of scCro DNA binding protein. A PIKO Thermal cycler and Phire Hot Start DNA 

Polymerase (Finnzymes, Espoo, Finland) were used for fast PCR amplification 

within 30 min. Each PCR reaction (total volume 20 μl) included 2 μl of template 

(diluted E. coli genomic DNA), 0.4 μL Phire Hot Start DNA polymerase (Finnzymes), 

1.5 mM MgCl2, 0.25 μM dNTPs and 0.9 μM of each primer (forward primer labeled 

with AlexaFluor 488 and reverse primer with one or two copies of scCro binding 

sites). Amplification was performed with an initial denaturation of 30 sec at 98°C, 

followed by 30 cycles with a denaturation step of 5 sec at 98°C, annealing step of 5 

sec at 61°C and an extension step of 5 sec at 72°C, followed by a final extension step 

of 1 min at 72°C. Negative controls of PCR mix in the absence of the template were 



 

 

included in all runs. The PCR reactions were quantified and stored at -20°C until the 

use on NALFA strip tests. 

 

Table 5.1: Primer sequences used in this work. The scCro DNA binding 

site(s) are underlined. 

 

Primers Primer sequences (5’ - 3’) 
Amplicon 
size (bp) 

Label or 
Extension 

hui-FW CATGCCGCGTGTATGAAGAA 96 

  

Alexa Fluor 
488 

hui-Rv CGGGTAACGTCAATGAGCAAA - 

hui-Rv-1xCro  TATCACCGCAAGTGATACGGGTAACGTCAATG

AGCAAA 
113 1x Cro 

binding site 

hui-Rv-2xCro  TATCACCGCAAGTGATATTTTATCACCGCAAGT

GATACGGGTAACGTCAATGAGCAAA 
133 bp 

 

2x Cro 
binding sites 

 

5.3.3 Enzyme-Linked Immunosorbent Assay (ELISA) 

 

The PCR products were tested with ELISA to ensure correct incorporation of 

the labels. Specifically, the plate was coated with 100 μl of 5 mg/ml anti-Alexa Fluor 

488 antibody in 50 mM carbonate buffer pH 9.6 overnight at 4°C. The plate was 

washed three times with 300 μl PBS-T and then the PCR product (100 μl of up to 475 

ng diluted in PBS) was added and incubated for 1 h at 37°C. The wells were then 

washed with PBS-T and 100 μl of 5 nM HRP-scCro conjugate (in PBS) was added and 

incubated for 30 min at room temperature. After a final washing step, 100 μl of TMB 

substrate was added and color development was allowed to proceed for 10 min 

before the addition of 100 μl of 1M H2SO4 and absorbance was recorded at 450 nm. 

Triplicate sample measurements were performed with three independent 

experiments whereas the blank measurements were conducted in sextuplets. Data 

was fitted with a sigmoidal curve and the limit of detection (LOD) for each detection 

approach was calculated as the calculated bottom of the fitted curve plus three times 

the standard deviation (SD) of the bottom. 

 



 

 

5.3.4 Preparation of the carbon nanoparticles-protein conjugates 

 

Carbon nanoparticles were labeled with scCro DNA binding protein or its 

HRP conjugate (HRP-scCro) by physical adsorption according to the reported 

method 20 with minor modifications. In brief, 1 % (w/v) carbon (Spezial Schwartz 4, 

Degussa AG, Frankfurt, Germany) was prepared in MilliQ water and sonicated for 5 

min (Branson model 250 Sonifier, Danbury, CT, USA). The carbon suspension was 

diluted five times in binding buffer (5 mM carbonate-bicarbonate buffer pH 10.6) 

and sonicated for another 5 min. Next, 70 μg of either scCro protein or 35 μg of HRP-

scCro conjugate (prepared as detailed before 2) were added to 200 μl or 100 μl of 

0.2 % (w/v) carbon suspension respectively and both individual suspensions were 

stirred overnight at 4°C. Then, the suspensions were centrifuged at 13,636 xg for 15 

min, the supernatants were removed and the pellets were washed with wash buffer 

(5 mM borate pH 8.8, 1 % w/v BSA) to remove unbound protein. The washing 

process was repeated two more times. After the last washing step, each pellet was 

resuspended in 200 μl or 100 μl of storage buffer (100 mM borate pH 8.8, 1% w/v 

BSA) for Cro/CNPs or HRP-scCro/CNPs, respectively. The two conjugate 

suspensions, which contained 0.2% (w/v) carbon nanoparticles, were stored at 4°C 

until use.  

 

5.3.5 Preparation of the nucleic acid lateral flow assay (NALFA) strips 

 

Hi-Flow Plus HFB13502 nitrocellulose membrane (Millipore) was cut to 2.5 

cm height. The antibody solutions, 200 ng/μl for the anti-Alexa Fluor 488 and 250 

ng/μl for the anti-His tag, were prepared in 5 mM borate buffer pH 8.8 and 

dispensed on the nitrocellulose membrane using a Linomat IV TLC dispenser 

(Camag, Berlin, Germany) for the test and control line, respectively. The membranes 

were dried and then fixed on a plastic backing along with a 3 cm high cellulose 

absorbent pad (Schleicher and Schuell’s-Hertogenbosch, Netherlands). Finally, the 

strips were cut at a width of 5 mm using a Bio-Dot Cutter CM4000 (Irvine, CA, USA), 

packaged in aluminum pouches (Nefab, Barneveld, The Netherlands) along with a 



 

 

silica desiccation pad (Multisorb Technologies, Inc., NY, USA) and the ready-to-use 

strips were stored at room temperature until use. 

 

5.3.6 Detection of PCR amplicon by NALFA 

 

The PCR amplicon was detected with NALFA strips using three different 

approaches: (i) scCro/CNPs conjugate for carbon black signal, (ii) HRP-scCro 

enzyme conjugate for precipitating dye (red color) signal and (iii) HRP-scCro/CNPs 

conjugate for carbon black plus precipitating dye (red color) mixed signal. The 

amplicons with one (1x) or two (2x) Cro specific binding sequences at the 3’ were 

captured on the test line by the anti-Alexa Fluor 488 antibody and detected with the 

three different approaches to compare their performances. Strips were dipped 

vertically in a low-binding 96-well microplate wells containing 100 μl of running 

buffer (1% dry milk and 0.1 % Tween-20 in PBS) including the desired amount of 

the PCR amplicon. After the strips adsorbed completely the introduced solution, the 

three detection methods were applied to the strips separately. In the case of the 

CNPs conjugates, the strips were dipped in 100 μl of running buffer mixed with 1 μl 

of scCro/CNPs or HRP-scCro/CNPs conjugate suspensions. For detection with the 

HRP-scCro enzyme conjugate, 135 ng of the conjugate was added to 100 μl of 

running buffer. Black color signals from the carbon nanoparticles were observed 

after 10 min in the case of the CNPs conjugates. In the case of detection with the 

HRP-scCro conjugate or the HRP-scCro/CNPs conjugate suspension, an additional 

development step was required using an HRP substrate. The chromogenic dye 

solution (1 mM 3-amino-9-ethylcarbazole (AEC) and 1 mM hydrogen peroxide in 

100 mM potassium phosphate pH 5) was freshly prepared and incubated on the 

strips for 5 min. The strips were dried and the visual limit of detection was 

determined by naked-eye detection. Additionally, the pixel grey intensities of the 

test lines were evaluated using the ImageJ program and the signal intensities were 

plotted against the amount of PCR amplicon using the GraphPad Prism program. The 

limits of detection (LOD) were then calculated quantitatively as the bottom value 

from the fitted curve plus three times the standard deviation (SD) of the bottom.  



 

 

5.4 RESULTS AND DISCUSSION 

5.4.1 Target gene PCR amplification and ELISA validation 

 

A fragment of the target gene was amplified from genomic DNA isolated from 

the Shiga toxin-producing E. coli strain EDL 933 using the primers shown in Table 

5-1. After a fast 30 min PCR amplification protocol, the reactions were resolved by 

agarose gel electrophoresis and the size of the amplicons ranged from 96-133 bp 

depending on the primer pair used (Supplemantary Material, Fig. S-5.1). When both 

forward and reverse primers were labeled, the resulting amplicons contained a 5’-

Alexa Fluor 488 label at one end and one or two dsDNA binding sites for Cro on the 

other end, depending on the reverse primer used. Correct incorporation of the 

fluorophore label and the dsDNA sequence extension in the PCR amplicon was 

verified with an ELISA assay. The PCR products were captured on the plate by the 

immobilized anti-Alexa Fluor 488 antibody whereas detection was achieved using 

the HRP-scCro enzyme conjugate. The two amplicons containing one or two binding 

sites for the Cro DNA binding protein, 1xCro and 2xCro respectively, were tested 

(with three independent experiments) and the results are shown in Fig. 5.2. Both 

amplicons were successfully detected and the limits of detection (LOD) achieved 

were 5.3 ng and 2.4 ng of PCR product with 1x and 2xCro binding sites, respectively. 

The results show that the incorporation of two binding sites for Cro in the PCR 

amplicon resulted in more than two times improved LOD, suggesting that two HRP-

scCro enzyme conjugate molecules could bind on each amplicon and provide signal 

enhancement with higher sensitivity when more than 2 ng of PCR product was used.  

      

 

 



 

 

 

 

Figure 5.2: PCR amplified E. coli 16S rRNA gene detection by ELISA for one 

or two scCro DNA binding site. 

 

5.4.2 NALFA 

 

After verification of the correct incorporation of the label and sequence 

extensions in the PCR amplicons, the target amplicons were detected on NALFA 

strips. Three different detection approaches were performed as shown in Fig. 5.1 

with the objective to evaluate the performance of each one on the test strips. The 

PCR amplicon was captured on the test line by the anti-Alexa Fluor 488 antibody, 

whereas excess reporter conjugate was captured by the anti-His tag antibody on the 

control line recognizing the 6xHis tag on the C-terminal of the scCro and HRP-scCro 

proteins. 

 

5.4.2.1 Detection with scCro/CNP conjugate 

 

When the scCro/CNPs conjugate was used for the detection of the PCR 

amplicon, black color was visualized on the test lines after the specific interaction of 

the conjugate with the dsDNA sequence extension incorporated in the target 

sequence after PCR amplification. As it can be seen in Fig. 5.3, the intensity of the 

test line increased with increasing amounts of PCR product until a maximum plateau 

was reached when more than 500 ng were used. To verify that the NALFA test works 
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properly and no false positive result is obtained, a negative control PCR reaction 

(absence of target in the reaction mix) was also applied on the strip and only the 

control line gave signal as expected. The evaluation of the line intensities calculated 

with the ImageJ program clearly show a signal enhancement when the PCR product 

contained 2xCro binding sites compared to 1xCro. As one of the NALFA tests 

drawbacks is the lack of sensitivity, this approach shows that the detection signal 

can be improved just by incorporating more Cro binding sites in the PCR amplicon. 

This could result in the association of more than one carbon nanoparticle conjugates 

per target molecule, as opposed to other detection methods which are limited to one 

carbon nanoparticle conjugates per target molecule 1,3. The visual limit of detection 

when scCro/CNPs were used was estimated as 15 ng and 7.5 ng PCR product with 

1xCro and 2xCro binding sites respectively. These LODs were calculated at 13.8 and 

20.8 ng respectively when a sigmoidal model was used to fit the data in the graph of 

Fig. 5.3 (see Table S-5.2). 

 

 

Figure 5.3: Detection of the PCR amplicon with 1x and 2xCro binding sites 

on NALFA strips using the scCro/CNPs conjugate. 
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5.4.2.2 Detection with HRP-scCro enzyme conjugate 

 

The HRP enzyme has been widely used in lateral flow assays as a detection 

tool because of the sensitivity it provides as a consequence of the rapid conversion 

of chromogenic substrates to precipitating colored products that can be easily 

visualized on the test strips 4,5. High sensitivity is crucial for the detection of low 

concentrations of targets and HRP can enhance the sensitivity of the biosensor. We 

hypothesized that the HRP-scCro detection approach could provide a higher signal 

in the NALFA test compared to CNPs detection due to the enzymatic signal 

amplification. For this reason, we also evaluated the performance of the HRP-scCro 

enzyme conjugate on NALFA tests and compared the obtained sensitivity to the 

scCro/CNPs detection strategy described above. After PCR amplicon capture on the 

test line, the HRP-scCro conjugate was flowed over the strips and the corresponding 

signals were obtained after incubation with the HRP chromogenic substrate. As it is 

shown in Fig. 5.4, the signals obtained from the enzymatic development of the strips 

were higher compared to the signal from the scCro/CNPs shown in Fig. 5.3, 

confirming the initial hypothesis. It can also be observed that the background color 

of the strips is not as white as in the case of scCro/CNPs detection due to residual 

color from the enzyme-generated precipitating colored product. At low target 

amounts, the signal obtained was not affected by the number of Cro binding sites on 

the PCR amplicon but when more than 100 ng were used, a signal increase of up to 

25 % was observed. The visual limit of detection was estimated as 3.75 ng regardless 

of the number of Cro binding sites on the PCR amplicon. The LODs calculated after 

curve fitting were 21 and 45 ng for PCR amplicon with 1x and 2xCro binding sites, 

respectively (Table S-5.3). 

 



 

 

 

 

Figure 5.4: Detection of the PCR amplicon with 1x and 2xCro binding sites 

on NALFA strips using the HRP-scCro enzyme conjugate. 

 

5.4.2.3 Detection with HRP-scCro/CNP conjugate 

 

The third approach for PCR amplicon on NALFA involved the dual color 

development using the HRP-scCro/CNPs conjugate. Dual signals in lateral flow 

assays have been reported before by using a dual labeled reporter. Typically, gold 

nanoparticles are combined with HRP and ultrasensitive detection signals can be 

achieved 6 27. In this work, by using the HRP-scCro/CNPs reporter, the black color 

from the CNPs is combined with the red color produced from the HRP chromogenic 

substrate 3-amino-9-ethylcarbazole. After applying the substrate solution (AEC + 
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H2O2) on the strips, a reddish black band was developed on the NALFA strips (Fig. 

5.5). The visual effect was enhanced significantly due to dual color development 

with an approximate signal enhancement of 30 % compared to scCro/CNPs and 

HRP-scCro detection strategies. Even though the visual limit of detection, as 

evaluated from the strips shown in Fig. 5.5 is 3.75 ng regardless of the number of 

Cro binding sites on the PCR amplicon, increased sensitivity is obtained at both low 

and high target concentrations. The LODs calculated after curve fitting were 25 and 

35 ng for PCR amplicon with 1x and 2xCro binding sites, respectively (Table S-5.5).  

We also have evaluated the performance of the HRP-sCro/CNPs detection 

strategy without substrate addition and dual color development. Fig. S-5.2 clearly 

shows that the signal obtained is lower than the signal observed in the strips 

visualized with the scCro/CNPs (Fig. 5.3). This could be explained by steric 

hindrance effects and lower accessibility of scCro to the binding site on the PCR 

amplicon when the bulkier HRP-scCro is used as a CNPs conjugate. Nonetheless, 

when the HRP-scCro/CNPs conjugate is used for detection, improved signals were 

obtained after the dual color development compared to using scCro/CNPs or HRP-

scCro alone. 



 

 

 

 

Figure 5.5: Detection of the PCR amplicon with 1x and 2xCro binding sites 

on NALFA strips using the HRP-scCro/CNPs enzyme conjugate 

 

Table 5.2: Detection limits achieved by ELISA and NALFA. 

 

Limits of detection (ng of PCR product) 

 ELISA Visual limit of detection in NALFA 

Cro binding sites on 

the PCR product 
HRP-scCro scCro/CNPs HRP-scCro HRP-scCro/CNPs 

1x 5.27 15.00 3.75 3.75 

2x 2.40 7.50 3.75 3.75 
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5.5 CONCLUSION 

 

We have successfully developed three different strategies for the detection of 

DNA targets after PCR amplification on NALFA strips based on a DNA binding 

protein and carbon nanoparticles. By using a fluorophore-labeled primer and a 

sequence-extended primer with the specific binding site of Cro DNA binding protein, 

the PCR amplicon was successfully detected by the reporter conjugates scCro/CNPs, 

HRP-scCro and HRP-scCro/CNPs. By increasing the number of Cro binding sites on 

the PCR amplicon, we were able to increase the obtained signal in a controlled 

manner. Also, when the HRP-scCro/CNPs detection strategy was utilized, dual color 

development was accomplished by the combination of the black color read out 

properties of the carbon nanoparticles and the enzymatically-generated red color 

from the HRP precipitating chromogenic substrate, leading to signal enhancement. 

A summary of the visual limits of detection achieved are shown in Table 5.2. We have 

also demonstrated that a different detection strategy can be chosen depending on 

the specific requirements of the assay; scCro/CNPs can be used for fast detection 

within less than 20 min whereas when higher sensitivity is required, the dual color 

development through the HRP-scCro/CNPs conjugate is more appropriate. Overall, 

these alternative detection strategies minimize the amount of antibodies required, 

avoid the use of the (neutr)avidin-biotin system and the preparation of ssDNA target 

and lower the assay costs associated with the additional post-synthesis chemical 

labeling of both primers. To further optimize the NALFA tests using DNA binding 

protein/carbon nanoparticles conjugates, additional work will be performed by 

replacing the fluorophore label of the forward primer with a sequence extension of 

the binding site of a DNA binding protein with different sequence specificity, 

allowing the detection of the PCR amplicon without the use of antibodies or 

chemically-modified primers.  
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5.8 SUPPLEMANTARY MATERIAL 

 

 

  

 

Figure S-5.1: Agarose gel electrophoresis of the PCR reactions for E. coli 16S 

rRNA target gene amplification with Alexa Fluor 488-labeled forward primer and 

(A) unlabeled reverse primer, (B) reverse primer with 1xCro binding site, and (C) 

reverse primer with 2xCro binding sites. Lanes 1, 3, 5 represent the PCR controls 

and lanes 2, 4, 6 the PCR reactions with genomic DNA template. 
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Table S-5.1: ELISA calibration curve results and statistics for the PCR 

amplicons with (A) 1xCro and (B) 2xCro DNA binding sites. Each replicate 

corresponds to the average of triplicate sample from three independent 

experiments, while the sextuplets were used for the blank sample. 

 

(A) ELISA HRP-scCro detection – PCR amplicon with 1x Cro binding site 
PCR (ng) Replicate 1 Replicate 2 Replicate 3 

 

 

 

Model: Sigmoidal 4PL 

R2 = 0.985 

Top: 2.277 ± 0.07 

Bottom: 0.083 ± 0.03 

IC50: 41.7 ng 

LOD: 5.27 ng 

 

0.000 0.075 0.085 0.077 

0.230 0.075 0.089 0.085 

0.460 0.076 0.084 0.089 

0.930 0.083 0.097 0.097 

1.860 0.103 0.115 0.122 

3.710 0.132 0.126 0.159 

7.420 0.193 0.188 0.257 

14.840 0.370 0.462 0.524 

29.690 0.805 0.937 1.110 

59.380 1.374 1.168 1.696 

118.750 1.880 1.730 2.158 

237.500 2.168 2.046 2.298 

475.000 2.207 2.081 2.285 

 

 

(B) ELISA HRP-scCro detection – PCR amplicon with 2x Cro binding sites 

PCR (ng) Replicate 1 Replicate 2 Replicate 3 

 

 

Model: Sigmoidal 4PL 

R2 = 0.998 

Top: 2.424 ± 0.02 

Bottom: 0.102 ± 0.015 

IC50: 23.06 ng 

LOD: 2.4 ng 

 

0.000 0.071 0.080 0.080 

0.230 0.081 0.085 0.084 

0.460 0.087 0.095 0.090 

0.930 0.107 0.127 0.115 

1.860 0.148 0.172 0.162 

3.710 0.207 0.207 0.226 

7.420 0.346 0.334 0.407 

14.840 0.734 0.916 0.825 

29.690 1.479 1.632 1.559 

59.380 2.021 1.968 2.002 

118.750 2.306 2.324 2.277 

237.500 2.513 2.450 2.376 

475.000 2.399 2.362 2.345 



 

 

Table S-5.2: PCR amplicon detection by NALFA using scCro/CNPs. 

Calibration curve results and statistics for (A) 1x Cro and (B) 2x Cro DNA binding 

sites. Data shows three independent replicates. 

 

(A) NALFA scCro/CNPs detection – PCR amplicon with 1x Cro binding site 

PCR (ng) Replicate 1 Replicate 2 Replicate 3 

 

Model: Sigmoidal 4PL 

(Three independent values) 

R2 = 0.999 

Top: 16045 ± 343.9 

Bottom: -301.2 ± 442.5 

IC50: 81.45 ng 

LOD: 13.8 ng 

3.7 35.1 51.6 66.2 

7.4 129.7 377.3 198.5 

14.8 435.6 1079.5 1155.6 

29.7 2080.3 4264.8 3393.6 

59.3 4474.8 7098.3 7038.6 

118.7 8028.2 10425.9 10477.7 

237.3 12750.3 12906.7 13314.9 

474.6 14687.3 14776.8 16079.0 

949.2 13684.8 15416.9 16379.1 

1898.4 14651.7 15397.1 16871.5 

3796.8 15846.0 15788.3 16727.6 

 

 

 

(B) NALFA scCro/CNPs detection – PCR amplicon with 2x Cro binding sites 

PCR (ng) Replicate 1 Replicate 2 Replicate 3 

 

Model: Sigmoidal 4PL 

(Three independent values) 

R2 = 0.926 

Top: 17645 ± 781.7 

Bottom: -289.5 ± 1382 

IC50: 54.34 ng 

LOD: 20.8 ng 

3.7 397.4 409.9 181.3 

7.4 1373.8 840.7 619.7 

14.8 3710.1 2584.8 2040.7 

29.7 7288.6 4850.1 4450.2 

59.3 11899.5 7775.2 7465.7 

118.7 16379.0 10713.2 10639.1 

237.3 19747.0 13954.9 13081.3 

474.6 18188.8 15444.0 14948.9 

949.2 21430.6 15544.2 15749.5 

1898.4 20036.8 15755.4 15739.1 

3796.8 19747.5 16470.8 16372.6 

 

  



 

 

Table S-5.3: PCR amplicon detection by NALFA using HRP-scCro. Calibration 

curve results and statistics for (A) 1x Cro and (B) 2x Cro DNA binding sites. Data 

shows three independent replicates. 

 

(A) NALFA HRP-scCro detection – PCR amplicon with 1x Cro binding site 

PCR (ng) Replicate 1 Replicate 2 Replicate 3 

Model: Sigmoidal 4PL 

(Independent values) 

R2 = 0.906 

Top: 18984 ± 1598 

Bottom: 2289 ± 1857 

IC50: 36.82 ng 

LOD: 21 ng 

3.7 2209.4 2757.9 3863.1 

7.4 3881.5 3772.5 5619.7 

14.8 5282.2 5077.1 7727.5 

29.7 9705.4 10237.4 8737.5 

59.3 13600.6 13886.2 11142.2 

118.7 18303.3 18588.5 13024.4 

237.3 20167.5 18012.7 12460.1 

474.6 21703.7 17102.7 17366.8 

 

 

 

(B) NALFA HRP-scCro detection – PCR amplicon with 2x Cro binding sites 

PCR (ng) Replicate 1 Replicate 2 Replicate 3 
 

Model: Sigmoidal 4PL 

(Independent values) 

R2 = 0.8414 

Top: 23571 ± 434 

Bottom: 2024 ± 334 

IC50: 52.21 ng 

LOD: 45 ng 

3.7 3276.9 2218.8 3096.8 

7.4 5069.4 3621.0 5899.0 

14.8 7715.5 4328.6 5869.1 

29.7 12563.2 10966.8 7857.5 

59.3 15255.7 11286.1 10771.8 

118.7 21578.9 19251.9 11988.9 

237.3 25043.7 22665.7 14434.1 

474.6 26700.0 20535.3 16653.6 

 

  



 

 

Table S-5.4: PCR amplicon detection by NALFA using HRP-scCro/CNPs. 

Calibration curve results and statistics for (A) 1x Cro and (B) 2x Cro DNA binding 

sites. Data shows two independent replicates. 

 

(A) NALFA HRP-scCro/CNPs detection – PCR amplicon with 1x Cro binding site 

PCR (ng) Replicate 1 Replicate 2  

Model: Sigmoidal 4PL 

(Independent values) 

R2 = 0.933 

Top: 24361 ± 266 

Bottom: 482.7 ± 3 

IC50: 37.79 ng 

LOD: 25 ng 

 

3.7 2222.4 1077.2 

7.4 4588.9 2714.2 

14.8 6500.5 4789.3 

29.7 14269 9024.0 

59.3 18507.7 10225.5 

118.7 22338.3 18888.5 

237.3 22877.1 21094.6 

474.6 24926.6 21449.7 

 

 

 

(B) NALFA HRP-scCro/CNPs detection – PCR amplicon with 2x Cro binding sites 

PCR (ng) Replicate 1 Replicate 2  

Model: Sigmoidal 4PL 

(Independent values) 

R2 = 0.906 

Top: 30417 ± 4066 

Bottom: 1942 ± 4562 

IC50: 38.05 ng 

LOD: 35 ng 

 

3.7 6051.8 884.4 

7.4 9615.8 1866.4 

14.8 13556.1 4865.6 

29.7 18358.7 10028.0 

59.3 22369.1 15846.5 

118.7 26100.8 23978.8 

237.3 27288.8 28266.8 

474.6 27464.9 29771.1 

 

 



 

 

 

Figure S-5.2: NALFA strips for PCR amplicon detection using HRP-

scCro/CNPs before HRP substrate addition and color development. 

1xCro binding site

2xCro binding site

0         3.75        7.5          15            30            60           120         240          480   

0         3.75    7.5          15          30           60           120           240         480   
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Chapter 6: General conclusion 

 

6.1 GENERAL CONCLUSION 

 

The overall objective of this thesis was to develop a protein fusion tag system 

that would allow the controlled and orderly precise co-immobilization of proteins 

and its application to biosensors. To immobilize the target proteins of interest, 

specific DNA binding proteins were used as tags in combination with a dsDNA tether 

as the template to direct protein co-immobilization by specific positioning of the 

target DNA sequences of the DNA binding proteins. Fundamental aspects such as the 

preparation and characterization of two novel enzyme-DNA binding protein 

conjugates (HRP-scCro and GOx-dHP) and their use for detection and signal 

amplification in biosensors have been described. The enzyme-DNA binding protein 

conjugates were then utilized in several biosensor configurations to provide 

sensitive, rapid and universal target-independent detection which can be easily 

adapted in point-of-care tests. 

We utilized the enzyme-DNA binding protein conjugate HRP-scCro as a signal 

generator for the detection of ssDNA targets, and demonstrated that the DNA 

binding protein tags were able to facilitate the association of more HRP molecules 

per target molecule. The signal generation was compared with direct conjugation of 

the ssDNA detection probe with HRP (ssDNA–HRP conjugate) under the same 

conditions, and a clear enhancement of the signal was achieved when multiple 

dsDNA binding sequences for the scCro where included.  

The sensitive detection signal plays a very important role in biosensors by 

means of low analyte amount detection and disease detection on early stage. The 

specific DNA binding proteins as tags provides a direct and controlled protein co-

immobilization by specific positioning, increasing the the HRP enzyme ratio per 

target, thus for amplifying the signal and lowering the limit of detection. HRP-scCro 

demonstrated that it can be used as a universal signal amplification tool in 

biosensors with reduced cost due to their target-independent dsDNA binding tags. 
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A second enzyme-DNA binding protein conjugate, glucose oxidase- dimeric 

headpiece domain of Escherichia coli LacI repressor protein (GOx-dHP) was then 

prepared and used with the HRP-scCro enzyme conjugate and simple DNA 

nanostructures in a versatile and universal DNA sensing platform that uses glucose 

instead of hydrogen peroxide as one of the enzymatic substrates. This avoids the 

issue of the storage of the unstable hydrogen peroxide which can be important for 

point-of-care biosensors. A simple DNA nanostructure allows target recognition and 

signal generation simultaneously. Target recognition takes place through 

hybridization to its target-complementary single-stranded DNA (ssDNA) part and 

signal generation happens after conjugate binding on the double-stranded DNA 

(dsDNA) containing the specific binding sites for the dHP and scCro DNA binding 

proteins. Due to the co-immobilization of the GOx and HRP, the signal is obtained in 

the absence of externally added hydrogen peroxide, which can be integrated to the 

point-of-care assays. As in the first approach, just by changing the ssDNA part of the 

detection probe, the system can be used for the detection of different ssDNA target 

sequences which makes the platform universal.  

The first two applications of the enzyme-DNA binding protein tag conjugates 

showcased the utility of the developed protein immobilization system in DNA 

biosensors for signal amplification. In the next part of the work, a protein target 

(thrombin) was detected using the two conjugates together with dual modified 

aptamers that include the DNA binding sites of the DNA binding protein tags in a 

sandwich configuration. The binding of the conjugates (HRP-scCro and GOx-dHP) to 

the modified aptamers allows detection through an HRP/GOx enzymatic cascade 

reaction. The limit of detection obtained was in the low nanomolar range which is 

comparable with other colorimetric platforms reported in the literature.  

The DNA binding protein scCro and its HRP-scCro conjugate were used to 

directly detect PCR amplicons with a modified primer that includes the 

corresponding DNA binding sequence of scCro. These proteins were used in 

conjuction with carbon nanoparticles in a lateral flow assay for the detection of a 

pathogenic Shiga toxin-producing Escherichia coli strain. This work validates the use 

of the developed immobilization methods in paper-based lateral flow biosensors. 
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In summary, the main contribution of this thesis to the state-of-the-art is the 

development of a system that allows controlled protein co-immobilization. The 

utility of this system was demonstrated in various biosensor platforms, highlighting 

its great potential in the field as an alternative to existing immobilization 

approaches.  A lot of possibilities and applications still remain to be explored, 

especially in the context of multiplex biosensors. For this to happen, more DNA 

binding proteins with different sequence specifities need to be identified and 

evaluated. 

 


