
Journal Pre-proof

Generation and screening of histamine-specific aptamers for application in a novel
impedimetric aptamer-based sensor

Lance St John Ho, Ronen Fogel, Janice Leigh Limson

PII: S0039-9140(19)31107-5

DOI: https://doi.org/10.1016/j.talanta.2019.120474

Reference: TAL 120474

To appear in: Talanta

Received Date: 22 July 2019

Revised Date: 11 October 2019

Accepted Date: 12 October 2019

Please cite this article as: L.S. John Ho, R. Fogel, J.L. Limson, Generation and screening of histamine-
specific aptamers for application in a novel impedimetric aptamer-based sensor, Talanta (2019), doi:
https://doi.org/10.1016/j.talanta.2019.120474.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2019 Published by Elsevier B.V.

https://doi.org/10.1016/j.talanta.2019.120474
https://doi.org/10.1016/j.talanta.2019.120474


Credit Author Statement 

Lance St John Ho: Formal analysis; Investigation; Methodology; Validation; 
Visualization; Roles/Writing - original draft; Writing - review & editing 

Ronen Fogel: Conceptualization; Methodology; Software; Supervision; Writing - review & 
editing.  

Janice Limson: Conceptualization; Funding acquisition; Project administration; 

Supervision; Writing - review & editing.  

 

All authors agree to the submission of this article for publication 





1 
 

Generation and screening of histamine-specific aptamers for application in a 

novel impedimetric aptamer-based sensor 
 

Lance St. John Ho, Ronen Fogel, Janice Leigh Limson* 

Biotechnology Innovation Centre, Rhodes University, PO Box 94, Grahamstown, 6140, South 

Africa. Email addresses: l.ho@ru.ac.za; r.fogel@ru.ac.za 

 

* Corresponding author. E-mail: j.limson@ru.ac.za; tel: +27 46 603 8263; address: PO Box 

94, Rhodes University, Grahamstown, 6140, South Africa 

ABSTRACT 

 

Histamine is an important biomarker in both biomedical and food quality assurance sectors. 

Current methods of monitoring this compound via fluorescent, electrochemical, and 

enzymatic means have several drawbacks, preventing routine detection. This work reports 

on the isolation of single-stranded DNA-based, histamine-targeting aptamers generated by 

the Systematic Evolution of Ligands by Exponential Enrichment (SELEX) and the 

characterisation of these candidates via bioinformatics analysis. Aptamer binding affinity 

was determined by magnetic bead-based enzyme linked oligonucleotide assays, followed by 

the detection of unmodified histamine at a physiological pH via electrochemical impedance 

spectroscopy (EIS). Aptamer H47 demonstrated the lowest apparent binding affinity (72.8 ± 

13.9 nmol.L-1) towards bead immobilised histamine. When immobilised to a gold surface, 

H47 demonstrated the largest biosensor response (ΔRct = 6.83 ± 2.00) compared to other 

single-stranded DNA sequences in the presence of dissolved histamine. The H47 EIS 

aptasensor also displayed a highly selective, concentration-dependent response towards 

histamine (linear range = 1 µmol L-1 - 5 mmol L-1), compared to other similar small 

molecules. Possessing an apparent binding affinity, limit of detection and limit of 

quantification of  7.80 ± 1.70 mmol L-1, 4.83 mmol L-1 and 16.08 mmol L-1, respectively, the 

H47 EIS aptasensor demonstrates promise towards the development of aptasensors in 

applications which require the rapid detection of histamine in solution. 
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1. Introduction 

 

Histamine – 2-(1H-imidazol-4-yl)ethanamine –  is an important quality control marker in 

the food quality assurance sector and consists of an amine group joined to an imidazole ring 

by a two-carbon aliphatic chain [1]. Being highly hydrophilic, histamine is involved in the 

signalling of anaphylactic reactions and numerous other biological mechanisms [2]. 

Histamine is found in varying quantities depending on the location in the body [3], medical 

ailments of the individual [3,4] and the presence of allergic stimuli [5]. Though anti-

histamine drugs successfully nullify the medical effects of excess histamine in the body [6], 

the quantification of histamine for pre-screening potentially dangerous allergens remains 

paramount in providing individuals with educational awareness and lifestyle guidance [7,8]. 

 

Alternatively, certain individuals may display histamine intolerance upon consuming 

spoiled food, potentially due to reduced diamine oxidase and histamine-N-methyl 

transferase activity in the gut [9,10].   Symptoms of excessive histamine ingestion can be 

similar to allergic reactions [11,12]. Being inversely related to the freshness of food 

products, histamine is an important food quality control marker [13]. Gram-negative and 

Gram-positive bacteria that decarboxylate histidine amino acids, using histidine 

decarboxylase enzymes, have been implicated in contamination of foods with histamine 

[14–19]. 

 

Elevated amounts of histamine suggests that the product has either spoiled or was not 

prepared under adequately-controlled conditions. Alcoholic beverages [17,20,21], dairy 

products [1,14] and fishery goods [16,22,23] are of particular interest. Therefore, histamine 

levels can vary depending on the type and age of the product, e.g. ranging from <10 mg kg-1 

to 579 mg kg-1 in cheese [24] and preserved fish [25], respectively.  

 

Despite having clinical and industrial relevance, histamine is particularly challenging to 

detect through direct means. Optically, histamine does not exhibit significant absorbance 

between 210 – 700 nm and exhibits no significant fluorescence within that range [26]. The 

most commonly reported method for assaying histamine content relies on its derivatisation 

by ortho-phthalaldehyde to a fluorescent adduct which requires a separate modification 
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reaction within an alkaline medium [27]. While cost effective and rapid, this assay has 

several drawbacks that have prevented it from wide-spread practical application; chiefly 

non-specificity of derivatisation with other amines [28,29]. Distinguishing histamine 

fluorescent adducts from other aminated molecules, using OPA and other derivitization 

agents, has been investigated using HPLC-based techniques (e.g. [20,24,25]). 

 

Cyclic voltammetry has been shown to detect histamine but is limited to certain 

requirements, such as measurement within highly acidic pHs [22]; or the application of 

strongly-positive oxidation potentials [21] which leads to concerns regarding signal 

specificity. Histamine detection via molecularly imprinted polymers coupled to well-known 

transducer platforms have also been proposed but are sensitive to pH alterations [30–32].  

 

Promising histamine monitoring by biologically-based detection means, such as enzymes 

[33] and antibodies [34–36], have been reported. A diamine oxidase-based electrochemical 

sensor has been documented to detect histamine and other diamine compounds in the 

μmol L-1 to mmol L-1 range [33]. Histamine in complex matrices has been quantified by 

enzyme-linked immunosorbant assays (ELISA) [13,20,24,37] and other immunosensors 

[34,35] using histamine-specific antibodies. However, while several commercial ELISA kits 

are available [37], the small molecular weight of histamine often requires these antibody-

based assays to employ a competitive-sandwich assay approach. This requires special 

reporter molecules, such as horse-radish peroxidase-conjugated histamine [35] or labelled 

secondary antibodies [34]. Alternatively, aptamers provide a promising means in which to 

detect low molecular weight target molecules [38] and may provide an alternative means of 

histamine detection. 

 

Non-specific binding between histamine and DNA [39] has piqued interest in recent 

studies investigating possible mechanisms of binding [40–43] and the use of histamine-

modified solid supports to purify certain DNA structures via affinity chromatography [44–

47]. NMR [40] and FT-Raman spectroscopy [42] indicate that histamine possibly binds to the 

minor groove of the double helix structure of B-DNA. The imidazole group can interact with 

purine bases, by parallel π-π stacking and van der Waals interactions [41,46,47], and other 

aromatic compounds in a “T-like” orientation, via hydrogen-π bonds [48].  
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However, greater histamine affinity is displayed by DNA conformations that expose 

segments of their nucleotide bases, such as supercoiled DNA [39,43,44,46,47]. Electrostatic 

and hydrogen bonds have been implicated in histamine-DNA binding [43,44,46]. The extent 

of these interactions are dependent on sequence length, nucleotide base composition [43] 

and DNA conformation [44,46,47]. Such varying degrees of non-specific interactions imply 

that there likely exists particular, sequence-dependent, conformations within folded DNA 

that are capable of binding to histamine with high affinity.  

 

Oligonucleotide aptamers are laboratory-generated binding biomolecules, identified 

through SELEX [49]. Aptamers are extensively studied for their role as biorecognition agents 

in biosensor devices, or aptasensors. Histamine presents a unique opportunity to study the 

generation of novel aptamers and subsequent aptasensor application thereof [38]. DNA 

aptamers that bind the histamine precursor, L-histidine (as hexa histidine), have been 

shown to successfully purify His-tagged proteins [50,51] and only very recently has interest 

been invested in the discovery of histamine-targeting aptamers [52]. While these aptamers 

have impressive reported KD values in the µmol L-1 [51]and nmol L-1-pmol L-1 [52] range, 

binding parameter determination largely relied on assays requiring the immobilisation of 

the target to a solid matrix because of the low molecular weight of these molecules.  

 

Conversely, EIS is able to determine the charge-based changes on the surface of the 

electrode and is thus not limited by the small molecular mass of histamine. Whereas a 

majority of electrochemical analysis techniques involve large changes to the applied 

potential, EIS focuses on small perturbations on the system. This is followed by the 

investigation of system behavior after the change around the steady state, or open circuit 

potential [53]. EIS has been identified as a suitable technique in the development of 

aptasensors targeting molecules of low molecular weight [54,55]. The low cost, high 

sensitivity, short analysis times, and the ability to detect changes in conformation and 

charge properties make it a promising method by which novel aptasensors can be made.  

 

In this work, we report on the generation of DNA aptamers, with high specificity for 

histamine, by SELEX. Three candidate aptamers from this process were screened for 
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suitability as a biorecognition agent in colorimetric and impedimetric aptasensors. The 

target specificity of the aptasensor towards histamine was also determined against other 

small molecule analogues. The use of an impedimetric-based aptasensor demonstrated a 

favourable perspective for the specific detection of histamine under physiological 

conditions, without the need for further chemical modification of the target. 

  

2.   Material and methods 

 

2.1.1.   Reagents 

 

a.   ssDNA library for SELEX 

 

All oligonucleotides used in this study (binding regions are bolded) were sourced 

from Integrated DNA Technologies (WhiteSci). For SELEX, the ssDNA library contained the 

following general sequence: 5’-GCCTGTTGTGAGCCTCCTAAC(N49)CATGCTTATTCTTGTCTCCC-

3’, where N49 is a 49-nucleotide long variable region. Molecules derived from this library 

were amplified using a biotinylated forward primer (5’-GCCTGTTGTGAGCCTC-3’) and a 5’ 

phosphorylated reverse primer (5’-GGGAGACAAGAATAAGC-3’). These primers are 

truncations of the primer binding sites of the library, used to decrease the onset of 

concatemer formation and improve amplicon fidelity (data not shown). Prior to use, all 

sequences were reformulated at a stock concentration of 100 µmol L-1 using Tris-EDTA (TE) 

buffer. 

 

b. Specific sequences used for validation and biosensor construction 

 

The following sequences were sourced from IDT and reformulated at a stock 

concentration of 100 µmol L-1 in TE buffer (Table 1): 
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Table 1  

Sequences used in this study, and their respective functionalisations. 

Name Modifications 

                                                        Sequence (5' to 3' direction) 

Reference 

Forward primer-binding region          Randomer region          Reverse primer-binding region 

H1 
5’-biotin; 3' 

unmodified GCCTGTTGTGAGCCTCCTAACGTAATAGTCTTCCTGTCCAAGGGTTACTTCGTCATTAAGATGTGTTCTGCATGCTTATTCTTGTCTCCC This study 

H25 
5’-biotin; 3' 

unmodified GCCTGTTGTGAGCCTCCTAACAAATTTCGACCCTTAATATTTCGCTCCGTCCACGCGTACTGATTCGTGTCATGCTTATTCTTGTCTCCC This study 

H47 
5’-biotin; 3' 

unmodified GCCTGTTGTGAGCCTCCTAACATTTCTATGCTGCAGCCAACTTTTCCATACTTCCAGCTTACCATTTATCCATGCTTATTCTTGTCTCCC This study 

 
Control Aptamers 

C5 
5’-biotin; 3' 

unmodified 

GCCTGTTGTGAGCCTCCTAACCCACGAAAAAAAAAAATAAAAGGTACCTACGACTCAAATCGCCCCAACGAGTGACATGCTTATTCTTGTC

TCCC [56] 

TBA 
5’-biotin; 3' 

unmodified TTTTTTTTTTGGTTGGTGTGGTTGG [57] 
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As per Table 1, C5 was chosen as a suitable control as this sequence shared the 

forward and reverse primer binding sites (a total of 37 nucleotides) with that of the library 

used to isolate histamine-targeting aptamers. This patented sequence was isolated from a 

completely independent SELEX and unrelated target molecule. TBA was also chosen as a 

control molecule as this sequence is able to fold into a G-quadruplex structure [57]. The G-

quadruplex is found in the patented hexa histidine-tag targeting aptamers [50,51]. Since the 

L-histidine precursor shares most of its structure with histamine, except for a single carboxyl 

group, this implies that the G-quadruplex may target imidazole derivatives. 

 

Unless otherwise stated, all other reagents were sourced from Sigma at either 

technical grade (> 95%) purity, or higher. Water was purified by a Millipore® Milli-Q System 

and was of double-distilled quality (> 18.2 MΩ cm). 

 

2.1.2.   Buffer compositions 

 

Tris-EDTA buffer was formulated using 10 mmol L-1 Tris and 1 mmol L-1 EDTA, 

subsequently adjusted to pH 8.0 with HCl. Tris-acetate-EDTA buffer (TAE) was formulated 

using 40 mmol L-1 Tris, 20 mmol L-1 acetic acid, and 1 mmol L-1 EDTA, adjusted to pH 8.3 

using HCl. PBS was formulated using 10 mmol L-1 Na2HPO4, 1.8 mmol L-1 KH2PO4, 2.7 mmol L-

1 KCl, and 137 mmol L-1 NaCl, at pH 7.4.  

 

Binding buffer was formulated using 20 mmol L-1 Tris, 140 mmol L-1 NaCl, 5 mmol L-1 

KCl, 1 mmol L-1 MgCl2, and 1 mmol L-1 CaCl2,  adjusted to pH 7.4 using HCl [43,58]. Elution 

buffer was formulated using 40 mmol L-1 Tris, 10 mmol L-1 EDTA, 3.5 mol L-1 urea, and 

0.02% v/v Tween-20, adjusted to pH 8 [59,60] Tris-buffered saline was formulated using 25 

mmol L-1 Tris, 144 mmol L-1 NaCl, and 0.05% v/v Nonyl-phenoxypolyethoxylethanol (NP-40), 

adjusted to pH 7.4 with HCl. 

 

2.1.3.   Apparatus 

 

PCR was performed using a MJ Mini Personal Thermal Cycler (Bio-Rad). Gel 

electrophoresis was performed using the Bio-Rad Laboratories Mini-PROTEAN® Tetra 
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System, powered by the Bio-Rad Laboratories PowerPacTM Basic unit. Electrophoresed gels 

were visualised using the Bio-Rad Gel-DocTM EZ Imager System and related Software.  

 

Magnetic separation of InvitrogenTM DynaBead® Epoxy functionalised M-270 

superparamagnetic beads (Life Technologies) was achieved by 5 mm circular neodymium 

magnets attached to an open-source designed 3-D printed microcentrifuge tube rack [61]. 

Quantification of DNA in samples using UV/vis spectroscopy was performed on the 

NanoDrop™ 2000 (detailed methodology available in Appendix A). 

 

EIS measurements were generated using an AutoLab PGSTAT302N controlled with 

NOVA 1.10 software. A conventional three-electrode cell was employed using a gold-stalk 

working electrode (1.6 mm diameter), platinum auxiliary electrode, and silver/silver chloride 

(Ag/AgCl) reference electrode. Electrodes were all sourced from Bioanalytical Systems Inc.  

 

Secondary structure analysis was performed using the Unified Nucleic Acid Folding 

and hybridisation package (UNAfold), accessed at http://unafold.rna.albany.edu/ [62]. 

 

2.2.  Methodology 

 

2.2.1.  SELEX 

 

Separation of target-binding sequences from non-binding sequences was achieved 

using magnetic bead-based SELEX [58,60,63]. For selection rounds labelled respectively as: 

positive (i.e. containing the target molecule immobilised onto a solid support), negative (the 

solid support lacking the target) and counter (containing a competing molecule, attached to 

the solid support) selections, magnetic beads functionalised with HIS (histamine), TRIS 

(Trizma®) and G-F (glycine-phenylalanine) were used, respectively (Fig. A1 in Appendix A).  

 

Solutions of ssDNA were diluted to appropriate concentrations in binding buffer, 

heated to 94 °C for 10 min and snap cooled in an ice bath for 5 min. The ssDNA was then 

incubated at room temperature for 15 min before use. For the 1st round of SELEX, an 

amount of the commercial library corresponding to 7.5 × 1014
 ssDNA molecules (1.25 nmol, 
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~40 μg) was used. For all subsequent rounds, a standard mass of 1 μg of ssDNA (2 x1012 

molecules) diluted in 1000 µl binding buffer was used.  Each SELEX round possessed a 

unique combination of different selections, target concentrations, incubation times, and 

rinsing stringencies (Table 2). 

 

The following aspects were undertaken during SELEX to select for potential 

candidates with high affinity towards the target: negative and counter selection steps 

[64,65], decreased target concentration, wash steps [66,67], incubation time [66] and 

elution protocols [58,68]. Table 2 outlines the conditions for each SELEX round performed in 

this work:  

 

Table 2 

Conditions for each SELEX round with increasing stringency of the binding environment. 

Round 

Incubation times (min) 

ssDNA : Bead 

Wash volume 

Negative Counter Positive (ml) 

1 30 - 60 2 x 106 : 1 2 

2 30 - 60 6000 : 1 2 

3 60 - 60 6000 : 1 2 

4 60 - 60 6000 : 1 2 

5 - - 60 6000 : 1 3 

6 60 - 30 6000 : 1 3 

7 - - 30 6000 : 1 4 

8 - 30 30 6000 : 1 4 

9 - - 30 6000 : 1 5 

10 - 60 30 3000 : 1 5 

11 - - 15 600 : 1 5 
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Positive selection steps preceded all SELEX rounds where negative or counter 

selection steps were performed. Prior to use, functionalised beads were suspended in 1 mL 

of binding buffer and were subsequently collected by an applied magnetic force after the 

removal of the buffer. In this manner, beads were rinsed three times in 1 mL binding buffer 

before being resuspended in 1 mL of binding buffer. The ssDNA pool was introduced to this 

suspension and incubated with a predetermined amount of functionalised beads (Table 2) 

for a specified time at room temperature, under constant tilt-rotation. Magnetic beads were 

collected by magnetic force and the supernatant was retained. Using this approach, the 

remaining ssDNA candidates, dissolved in the supernatant from negative and counter 

selection, were immediately used for positive selection under the predetermined binding 

parameters stated in Table 1. 

 

Bound ssDNA was eluted from the HIS-functionalised beads by incubation of the 

beads within 200 µL elution buffer at 80 °C for 10 min. This step was repeated to remove 

any strongly-bound sequences. The eluted ssDNA was collected via ethanol precipitation 

[58,60,63]. The dried pellet was then resuspended in 60 µL of ddH2O, quantified by UV/vis 

spectroscopy, and served as a template for PCR amplification in subsequent SELEX rounds.  

 

HotStart/Touchdown PCR was then used to generate sufficient copies of the retained 

ssDNA candidates for use in the following SELEX round. Optimal amplification cycle 

numbers, determined by molecular weight quality, via PAGE was conducted. Thereafter, 

ssDNA was obtained from the double-stranded DNA (dsDNA) PCR product via λ exonuclease 

digestion (Appendix A). These methods were similar to those previously reported [69–71]. 

 

Candidates remaining from the 11th round were ligated into the pGEM®-T Easy 

Vector System (Promega). Ligated plasmids were then used to transform competent 

Escherichia coli DH5α cells. Competent cells were made by another protocol [72]. 

Transformed cells were plated onto ampicillin (100 mg mL-1) nutrient agar and incubated 

overnight at 37 °C (described in greater detail in Appendix A). Of the transformed cells 

containing the plasmid, 55 isolated colonies were picked randomly to determine their 

sequences by Inqaba Biotech Inc. (South Africa). 
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2.2.2.  Sensor design strategies 

 

Two separate methods of screening the selected candidates were employed in this 

study. Relative signals generated by the aptamers from colourimetric or impedimetric 

strategies were used. These are demonstrated in the following schematic (Fig. 1): 

 

< Insert Figure 1 here> 

 

The inclusion of these two different types of platforms, namely the ELONA (Fig. 1A) 

and EIS (Fig. 1B), to analyse the aptamers was performed to investigate the behaviour of the 

novel aptamers under differing binding assay configurations. Aptamers, particularly those 

that target small molecules, are known to demonstrate different binding affinities 

depending on the binding assay used [73] and whether or not the aptamer has been 

immobilised [74] 

 

To determine the amount of aptamers retained by the target functionalised beads, 

the signal from ELONA is comparable to the manner in which SELEX was performed. In this 

assay, histamine was immobilised to a magnetic bead while the aptamer was allowed to 

bind free in solution. Colourimetric signal was attained by the subsequent attachment of 

horseradish-conjugated streptavidin to the 5’biotin tag on the aptamers and the oxidation 

of TMB. 

 

The EIS aptasensor was constructed using the same aptamers, however the 

aptamers were immobilised to the surface. The immobilisation protocol used covalently 

bound streptavidin on the electrode’s surface to immobilise the aptamers via their 5’ biotin 

tags. In this way, the ability of the aptasensor to detect histamine in solution was 

investigated using the [Fe(CN)6]3-/4- redox couple. 

 

2.2.2.1. Enzyme-linked oligonucleotide assay (ELONA) 

 

ELONAs were performed with Greiner CELLSTAR® 96 flat bottom plates. Here, 20 µg 

of HIS-functionalised beads were added to each well and 100 µl of heat-treated aptamer 
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(H1, H25, H47, C5 and TBA) solutions of varying concentration: 0 nmol L-1, 30 nmol L-1 60 

nmol L-1, 125 nmol L-1, 250 nmol L-1, 500 nmol L-1 and 1000 nmol L-1 were added and 

incubated for 15 min.  

 

Beads containing histamine and bound aptamers were collected at the base of the 

wells using magnetic force. Unbound sequences were removed by rinsing the beads 5 times 

with 100 µL binding buffer, containing 0.01% v/v NP-40 (Roche). 

 

Quantification of the remaining bound sequences was achieved by the addition of 50 

µL of 0.1 mg mL-1 streptavidin-linked horseradish peroxidase (SA-HRP; purchased from KPL), 

diluted 1:5000 in binding buffer. Following 5 additional 100 µL rinses, the remaining SA-HRP 

bound to the aptamers facilitated the oxidation of 50 µL of 1-Strep™ Ultra TMB-ELISA 

solution, sourced from Thermo Scientific.  The reaction was terminated with 50 µL 0.5 mol L-

1 H2SO4 and absorbance at 450 nm was recorded after 15 min colour development. 

 

2.2.2.2. EIS aptasensor fabrication and testing 

 

Gold working electrodes were polished on a Buehler pad containing an alumina 

oxide slurry (<10 micron) and subsequently sonicated in ddH2O for 2 min. Thereafter, the 

electrodes were exposed to a 50 mmol L-1 KOH : H2O2 (3 : 1) solution for 10 min and rinsed 

with ddH2O. A single linear potential sweep, between -0.2 V to -1.2 V, was applied at a 

sweep rate of 50 mV s-1 in 50 mmol L-1  KOH [75–78].  

 

The cleaned electrodes were incubated in a 10 mmol L-1 β-mercaptopropionic acid 

(MPA) ethanolic solution for 2 hrs to construct a self-assembled monolayer. Subsequently, 

the monolayer was activated using an EDC/NHS (40 mmol L-1 : 10 mmol L-1 ) solution (in 10 

mmol L-1 HEPES, pH 5.5). Covalent linking of 1 µL of 0.5 mg mL-1 streptavidin (Sigma) in 10 

mmol L-1 HEPES, pH 5.5 formed a protein monolayer which was used to immobilise the heat 

treated biotinylated aptamer (1 μL of 1 μmol L-1 solution in binding buffer). All aptasensor 

layers were rinsed thoroughly with their respective buffer before proceeding with the 

addition of subsequent layers. 
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All EIS measurements were independent measurements i.e. each made use of 

individual electrodes; each layer was prepared freshly and its surface impedance 

determined. An important factor to consider when producing impedance sensors is the 

confirmation of successful attachment of the sensor layers [78]. Therefore, impedance 

measurements were recorded for the bare Au surface, MPA SAM formation, streptavidin 

covalent attachment and biotinylated aptamer (H1, H25, H47, C5 and TBA) to ensure 

significant increases in Rct were achieved (Fig. A2, Appendix A). 

 

Following the impedimetric assessment of each layer of the aptasensors, impedance 

response changes to the same electrodes were recorded after the exposure of HIS to the 

surface. Here, 2 µL of 15 mmol L-1 HIS dissolved in PBS was introduced to the surface for 15 

min and subsequently rinsed 5 times with 1 mL PBS. Prepared aptasensor surfaces (H1, H25, 

H47, C5 and TBA) were analysed to determine sequence-specific impedance changes. 

 

Initial experiments using independent electrodes were performed to evaluate the 

aptasensors at various analyte concentrations. However, the reproducibility of the 

independent electrode batch-type measurement interfered with the accuracy of 

determining small Rct differences, particularly observed at the lower concentrations. As 

such, each aptasensor was exposed to a progressive addition of analyte in order to remove 

the variability caused by unaccounted for influences that potentially arise using a batch-type 

experiment, such as sensor fabrication differences and effects of electrode 

pretreatment[78]. Here, binding curves for the histamine-targeting EIS aptasensor were 

obtained by increasing concentrations of different small molecule analogues against the 

H47 aptamer. Prepared H47 aptasensor surfaces were exposed to 2 μL of various small 

molecule samples of TRIS, G-F, LYS (lysine), HISD (L-histidine) and HIS at 1 µmol L-1, 40 µmol 

L-1, 200 µmol L-1, 1 mmol L-1, 5 mmol L-1, 15 mmol L-1, 30 mmol L-1 and 60 mmol L-1) in PBS 

for 15 min. The aptasensor was rinsed 5 times with 1 mL of PBS before re-evaluating the 

surface impedance.   

 

The small molecule controls for the H47 aptasensor were chosen based on several 

factors that were pertinent to determine the extent of target selectivity. Since G-F was 

counter selected against in the 8th and 10th Rounds of SELEX, the aptasensor should have 
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negligible responses towards this molecule as candidates which displayed affinity towards 

this molecule were removed during SELEX. To investigate whether a non-specific positive 

charge would interfere with the aptasensor, LYS was chosen as another control molecule. 

Possessing a pI of 9.7, the overall charge of this amino acid would be positive at a 

physiological pH of 7.4. The effect of the analogous small molecule, HISD, was analysed with 

the aptasensor as its structure only differs by a single –OOH group on the α-carbon of the 

aliphatic chain, compared to HIS. 

 

2.3.  Data analysis 

 

Impedance responses from the aptasensors were modelled on the standard Randles 

electrical equivalent circuit, previously used to model impedance data for small molecule 

aptasensors [79–82]. Biosensor responses were calculated as per Eq. 1:  

 

Biosensor response (ΔRct) = [x ̅(Rct
APT) - x ̅(Rctl

HIS)]/s(Rct
APT)   (1) 

 

where Rct
APT  and Rctl

HIS are the averages of the sums of resistor circuit equivalent elements 

modelled from the impedimetric data obtained from the difference before and after the 

addition of 2 µl HIS at 15 mmol L-1 in PBS; s(Rct
APT) is the standard deviation of the freshly 

fabricated aptasensor. As outlined in Eq. 1, impedimetric response of the biosensor to 

histamine (ΔRct) is reported as a factor of the standard deviation of the aptasensor when 

impedance was measured in PBS i.e. a value of 10 would refer to an average sensor 

response that was 10x the magnitude of s(Rct
APT)). Similar calculations were performed when 

calculating and presenting the aptasensors’ responses to the chosen interferents in this 

study. 

 

For affinity analysis, experimental data were modelled to the Langmuir isotherm, 

using the least squares regression algorithm in Statistica 13, by Eq. 2 [83]: 

 

[AL] = [AL]max × [A]/(KD + [A])       (2) 
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where [AL] is the response of the experimental test equivalent to the amount of 

analyte/ligand complex formed; [AL]max is the maximum theoretical response of the test; [A] 

the concentration of the analyte; KD the concentration at which half the complex of 

ligand/analyte is formed. 

 

The limit of detection (LOD) and limit of quantification (LOQ) of the aptasensor were 

determined by Eq. 3 and Eq. 4: 

 

LOD = 3s/m          (3) 

 

LOQ = 10s/m          (4) 

 

where s is the standard deviation of the blank (i.e. the sensors’ response in PBS alone) and 

m is the slope of the linear range.  

 

 

2.4.  Statistical analyses 

 

All impedimetric measurements were performed using individual electrodes. Where 

stated, experimental reproducibility was recorded as the mean of the number of 

independent measurements for individual studies denoted ‘n=x’, where x is the number of 

measurements performed on that particular test. Experimental reproducibility is stated as: 

(mean ± standard deviation for n=3; or mean ± standard error for n=7). 

 

Statistical difference between normally-distributed measurements were tested using 

a paired Student’s t-test; significantly-differing groups were identified by a two-tailed p-

value of .05 or less, generated by the aforementioned analysis. Statistical analysis was 

performed using Statistica® 13, setting significance at α = .05, for all statistical tests.  

 

3.   Results and discussion 

 

3.1.   ssDNA pool enrichment by SELEX 
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Eleven SELEX rounds were conducted to enrich the ssDNA library with aptamers 

demonstrating a strong affinity towards HIS-fuctionalised magnetic beads. Most novel small 

molecule aptamer-generation studies focus solely on the retention of ssDNA of the positive 

selection pool e.g. [60,67,84,85]. However, monitoring the ssDNA contained in the different 

fractions of the SELEX process provided interesting insight into the behaviour of the ssDNA 

pool during enrichment [86]. The ssDNA retained in each of the fractions of SELEX are 

presented in Fig. 2:  

 

< insert Fig. 2. here > 

 

A general trend representing increased binding of the ssDNA pool to the positive 

selection beads during SELEX is evident in Fig. 2: the initial library tested in the 1st round 

exhibited minimal binding to either the negative selection beads (1.3%) or the positive 

selection beads (2.5%), in favour of remaining in the supernatant during the selection 

process (75.7%). Following the 11th SELEX round, the fraction of the ssDNA pool binding to 

the positive selection beads improved significantly, to 75.8% of the initial pool. This 

occurred despite the incremental increases in selective stringency that were introduced 

during the SELEX process. (Fig. 2, *). Often, increased ssDNA pool retention towards the 

positive selection target is observed along the progression of magnetic bead-based small 

molecule SELEX. This is attributed to the improved affinity of the pool towards the target 

[54,65,86–89] 

 

The large decreases in the fractions of the pool that bound to the positive selection 

beads between the 4th to 5th (58.3% → 15.4%), and 8th to 9th (86.3 → 34.9%) (Fig. 2, ●) SELEX 

rounds correspond to increases in the stringency of rinsing of the beads (Fig. 2, dotted 

lines), by increasing the number of washes used to detach loosely-bound sequences from 

the beads (Table 2). This has a significant impact on the proportion of sequences retained 

for elution and quantification [89]. 

 

However, when considering the various steps of SELEX maintaining the same 

washing protocols, steady increases in binding to the positive selection beads are notable 
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(Fig. 3). Between the 1st and 4th (2.5% → 58.3%) SELEX round; 7th and 8th (21.6% → 86.3%) 

and 9th to 11th (34.9% → 75.8 %) (Fig. 2, ◊), increases in the proportion of the SELEX pool 

binding to the positive selection beads are evident. Correspondingly, in later rounds of 

selection, a decreased percentage of the pool is found in the supernatant following washing 

of the beads e.g. from the 5th to 6th (43.6% → 30.4%) and 7th to 8th (20.7% → 10.6%). This 

trend also indicates enhanced binding of the ssDNA pools to the positive controls (Fig. 2, ○). 

In the majority of the SELEX rounds, the reported total percentage of the recovered ssDNA 

pools recovered are less than 100% of the sequences introduced into each round, as weakly-

bound sequences would tend to detach during the stringent wash steps of each SELEX 

round.  

 

A similar increase in specific binding to the positive selection targets is evident when 

analysing negative and counter selection steps across the SELEX process. Between the 2nd 

and 4th rounds, a large fraction (14.8% → 65.2%) of the pool bound to the negative selection 

(TRIS-functionalised) beads. After two subsequent selection rounds, the amount of ssDNA 

bound to the TRIS-beads declined to minimal levels (1.7%, during the 6th round). Similarly, 

decreased retentions were recorded for G-F-functionalised counter selection beads from 

47.5% of the pool in the 8th SELEX round to 31.1% in the penultimate round (Fig. 2, □). 

Retention of the pool towards the positive target decreased from the 8th to 9th round (86.3% 

→ 34.9%) following the initial introduction of counter selection, but recovered during the 

10th and 11th round (47.9% → 75.8%) as the pool became more conditioned towards the 

target. Similar trends involving counter selection for clenbuterol hydrochloride [88] and 

aflatoxin M1 [89]. 

 

3.2. Pool enrichment following SELEX, chosen candidates and predicted 

secondary structures 

 

The composition of each nucleotide base in the enriched aptamer sequences are 

normally distributed with a strong favouring towards the pyrimidine, thymine, which were 

often found in consecutive repeating motifs (Table A1, Appendix A). Thymine was found at 

a significantly greater (37 ± 7%) abundance within the Round 11 pool – than those of either 
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adenine, t(96) = 12.8, p > .05 (21 ± 6%); guanine, t(96) = 12.0, p > .05 (22 ± 6%); or cytosine, 

t(96) = 13.8, p > .05 (20 ± 5%) nucleotide residues.  

 

Nucleotide base favouring has been observed following SELEX, e.g. guanine 

[63,87,90]. Distinct nucleotide base favouring may indicate that thymine could potentially 

be important to histamine affinity as differing nucleotides and tertiary structure complexity 

of DNA molecules contribute towards the DNA-histamine interaction [43]. Alternatively, 

initial pool nucleotide bias and the consequences to SELEX thereof has been documented 

[91]. The SELEX reported in our study is currently being analysed by next generation 

sequencing to obtain an improved understanding of sequence enrichment, forming part of a 

follow up study to this work. 

 

From the sequences obtained following the completion of SELEX (Table A1, 

Appendix A), three candidate aptamers (H1, H25 and H47) were randomly selected for 

further investigation (Fig. 3). By the N49 regions presented in Fig. 3A, it can be deduced that 

these three aptamers displayed similar adenine (20.4% - 22.4%) and thymine (34.7% to 

38.8%) content. Interestingly, cytosine content and guanine content differed between the 

selected sequences; the lowest cytosine and guanine content possessed by H1 (18.4%) and 

H47 (8.2%), respectively. Further analysis of the position of mutual motifs in the secondary 

structure of the complete aptamers (both primer-binding and variable regions) was 

demonstrated through predicted secondary structures by UNAfold (Fig. 3B): 

 

 

<insert Fig. 3 here> 

 

By Fig. 3B, H25 possessed a larger Tm (42.1 °C) compared to H1 (35.4 °C) and H47 

(36.9 °C). Accordingly, H25 demonstrated the lowest ΔG value (-5.08 kcal mol-1), 

representing a more stable secondary structure.  

 

The hypothetical secondary structures revealed several typical stem and loop 

structures in all candidates (Fig. 3B). Triple-stemmed structures are present in H1 and H25, 

while H47 features a double stemmed structure. Comparing H1 (→) and H25 (→), the CGTC 
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motif lies upstream from a TG rich area, G-TG·T-G, featured in both loop structures (Fig. 3B). 

Secondary structures between H1 (→) and H47 (→) share mutual bases (T·TCCA-TACTTC) 

nested in the loops of both aptamers. Another commonality is the ATTTC motif, present on 

H25 (→) and H47 (→) which lies downstream of an AA··TTTC loop structure. 

 

When highlighting the common nucleotide bases between inter-group sequences, 

the majority of the mutual nucleotide bases lie in the stem or loop structures of each 

aptamer. This possibly indicates a function for these sequences in adopting a suitable 

binding conformation to the target; indicating the significance of conserved regions in the 

stem and loops of predicted secondary structures [60,63,65]. 

 

3.3.  ELONA 

 

Magnetic bead ELONA was used to probe the aptamer sequences which favoured 

binding towards HIS-functionalised beads (Fig. 4). The apparent binding affinities (KD
app) and 

maximum response (OD450max) for each selected sequence were determined (Fig. 4). 

 

<insert Fig. 4 here> 

  

 

A comparison of the OD450 indicated that the HIS-targeting aptamers generated in 

this study tended to bind to a greater extent to HIS-functionalised magnetic beads, 

compared to the control sequences, particularly  at lower aptamer concentrations (0 nmol L-

1 to 125 nmol L-1; Fig. 4). At 125 nmol L-1, the histamine-targeting aptamers averaged an 

OD450 of 0.283 ± 0.008 compared to C5 and TBA, being 0.218 ± 0.012 and 0.136 ± 0.004, 

respectively. Additionally, the maximal assay responses (OD450max) obtained by aptamers 

generated during this study showed higher average values compared to the control 

sequences (inset, Fig. 4). 

 

Though a concentration-dependent increase in OD450 was observed for each 

sequence evaluated (Fig. 4), the observed concentration-dependent increase across all the 

aptamer sequences was not unexpected. This is caused by the inherent affinity that DNA 
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demonstrates towards surface-bound histamine. Cruz et al. [43] provided evidence that 

linearized plasmid DNA could possess a non-specific affinity towards surface bound 

histamine in the nmol L-1 range (depending on the nucleotide composition and length of the 

sequence). In fact, even homo-nucleotide DNA sequences could possess an affinity in the 

µmol L-1 range.  Consequently, it was expected that the complex hetero-nucleotide 

sequences of the controls would also possess an inherently high affinity towards the 

histamine functionalised beads. 

 

Despite non-specific interactions, a comparison of binding affinities also tended to 

favour the HIS-targeting aptamers (Fig. 4). H47 demonstrated the lowest KD
app (72.8 ± 13.9 

nmol L-1) (Fig. 4, ▲) towards the HIS-functionalised beads, followed by H25 (KD
app = 81.3 ± 

21.8 nmol L-1) and H1 (KD
app = 106.1 ± 10.5 nmol L-1) (Fig. 4, ■ and ♦).  The control sequence, 

C5, was shown to have a similar modelled affinity (KD
app = 117.7 ± 24.6 nmol L-1) to aptamer 

H1 (Fig. 4, ▲). TBA displayed considerable lower binding affinity (KD
app = 335.7 ± 17.0 nmol 

L-1) towards the HIS-functionalised beads than the remainder of the test sequences (Fig. 4, 

■). Interestingly, though the sequences presented in Fig. 4 are not homologous to the other 

histamine-targeting aptamers, all the KD
app values lie in the nmol L-1 range. These are similar 

to reports using SA-HRP to quantify aptamer binding parameters against magnetic bead 

immobilised histamine [52]. 

 

Random ssDNA does not appear to non-specifically bind to biogenic amines or 

peptides with equal affinity. This was noted in Fig. 4 by sequence C5, which shared the 

flanking primer-binding regions and overall nucleotide length to the control sequences, 

which did not result in KD
app equivalent to H25 or H47. Cruz et al. [43] documented KD values 

in the nmol L-1 range between dsDNA and histamine but observed that GT-rich sequences 

had a lower affinity than CT-rich sequences towards histamine, supporting the notion that 

only particular motifs may bind more favourably to histamine. As per the findings of Fig. 4, a 

DNA sequence control which shares the primer binding sites of the aptamers (as with C5), 

but is designed to minimise DNA secondary structures under the current binding conditions, 

may be better suited to determine the inherent affinity of DNA nucleotides to histamine. 
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3.4.  EIS aptasensor 

 

Using streptavidin-modified surfaces, biotinylated aptamers and control sequences 

(Table 1), EIS aptasensors were evaluated for their ability to detect 15 mmol L-1 histamine in 

2 µL of PBS (Fig. 5A). Thereafter, the selectivity of the most sensitive aptasensor was 

investigated (Fig. 5B).  

 

< insert Fig. 5 here> 

 

A decrease in Rct of the [Fe(CN)6]3-/4- probes in the presence of the target is 

hypothesised to be caused by conformation changes occurring at the electrode surface 

containing immobilised aptamers caused by binding to the target [35,79]. Though differing 

between sequences in extent, a decrease in Rct was observed across all tested aptasensor 

surfaces after exposure to histamine (Fig. 5A). This is again attributed to inherent DNA-HIS 

affinity interactions briefly discussed in the Introduction, along with possible neutralisation 

of some electrostatic repulsion between the anionic DNA and the anionic redox probes 

upon binding of the cationic target [55]. More substantial responses to HIS were observed 

for aptamer H47 than any other tested sequence. Upon the addition of HIS (calculated by 

Eq.1), the aptasensors recorded significant (t(12) = 3.42, p = .005) ΔRct of 6.83 ± 2.00 (Fig. 

5A, H47). H1 also exhibited a significant (t(12) = 2.72, p = .02) ΔRct of 3.62 ± 1.33 after 

exposure to histamine (Fig. 5A, H1). A statistically-negligible ΔRct (2.12 ± 1.12) was recorded 

for the H25 aptamer (Fig. 5A, H25).  

 

The addition of histamine to the aptasensor modified with the C5 control sequence 

showed no significant difference to Rct measurements taken in the absence of histamine 

(t(12) = 1.80, p = .10) with a recorded  ΔRct of 2.20 ± 1.22, Fig. 5A, C5). Since C5 shares both 

primer-binding regions to the library used in this study, this reinforces previous findings that 

aptamer-based interactions are not solely due to the precise primer sequences present in 

the library.  As such, the internal N49 base variable regions of the selected aptamers are 

expected to determine the degree to which Rct will decrease upon the addition of HIS. 
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Aptasensors comprising TBA demonstrated a statistically-significant ΔRct of 6.37 ± 

1.31; t(12) = 4.85, p = .0004 (Fig. 5A, TBA). Increased surface bound HIS may be related to 

the nucleotide composition of TBA. The hexa histidine-tag targeting aptamers [50,51] 

contain the primary sequence of TBA in almost its entirety. Differing by only one (6H5 = 93% 

identity) or two (6H7 = 87% identity) nucleotide bases, the G-quadruplex structure is most 

likely able to bind to both thrombin’s exosite I, as well as, to an imidazole ring. G-quadruplex 

structures have been previously reported to non-specifically interact via groove binding or 

intercalative means to planar heterocyclic fluorescent dyes sharing some structural 

similarity to histamine [92]. 

 

The immobilisation of the aptamers to a solid surface tended to alter the apparent 

affinity of the aptamers towards the target. For example, though demonstrating a fairly high 

affinity towards the HIS-beads (Fig. 4, H25) in the ELONA, H25 performed poorly as an 

impedimetric aptasensor (Fig 5A, H25). Having the most stable secondary structure by ΔG 

(Fig. 3, H25), this is possibly indicative of a more condensed aptamer structure allowing less 

initial structural distension to contribute to ΔRct. An inverse relationship between DNA-

histamine affinity and the extent of DNA structural compaction exists [43].  Immobilisation 

has also been known to affect even the highly established thrombin-aptamer configuration 

[93]. This may also be responsible for the differing ELONA and EIS responses obtained for 

the TBA control against HIS. 

 

In Fig. 5A, H47 presented the most promising case for the development of a HIS-

specific aptasensor. This aptamer produced the largest ΔRct of all the nucleotide sequences 

tested at identical concentrations of HIS. This, coupled with a favourable ELONA binding 

affinity (Fig. 4, H47), made it a promising candidate for further screening. The specificity, 

KD
app, LOD and LOQ of the H47 EIS aptasensor were determined in Fig. 5B. From Eq. 2, the 

estimated KD
app of the H47 aptasensor was found to be 7.80 ± 1.70 mmol L-1 (Fig. 5B, grey 

dashed line). The linear range of the H47 impedimetric aptasensor was determined to be 1 

µmol L-1 to 5 mmol L-1 (Fig. 5B inset, ●). According to Eq.3 and Eq.4, the LOD and LOQ were 

calculated to be 4.83 mmol L-1 and 16.08 mmol L-1, respectively (Fig. 5B). 
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The counter selection compound, G-F, did not produce a significant change from 1 

mmol L-1 (ΔRct = -0.62 ± 0.92) to 60 mmol L-1 (ΔRct = -1.2 ± 0.28) in overall ΔRct (Fig. 5B, ●). 

The nominal increase in Rct (indicated by the negative ∆Rct) may be caused by non-specific 

binding of the neutral small molecule dampening the kinetic rate of the negatively-charged 

probe [81]. Similarly, the non-specific interaction of the positively charged LYS caused a 

minor decrease in Rct. Negligible increases in overall Rct was observed when the aptasensor 

was exposed to HISD (Fig. 5B, ♦). HIS and HISD have shown to potentially favour different 

interactions with DNA; namely ionic [43] and hydrophobic π-π stacking interactions [94], 

respectively. The presence of the carboxyl group on HISD has been shown to influence the 

nucleotide type displaying the highest affinity to each molecule [43,94], potentially due to 

repulsion of the phosphate group [47].  

 

A larger H47 KD
app for EIS (7.80 ±1.70 mmol L-1; Fig. 5B) is evident compared to 

ELONA (72.8 ± 13.9 nmol L-1; Fig. 4). This is most likely due to effects of aptamer 

immobilisation [95], influences of the assay platform [73] or the detection of unimmobilised 

histamine itself. Though the working range of the EIS aptasensor is higher compared to 

ELONA, it does present the unique advantage of detecting histamine in its native state.  

Potential application of this aptasensor in the analysis of real samples would be conducted 

in a similar manner to that of conventional histamine detection. Here, the samples (usually 

certain food products) are exposed to a mild pretreatment of the sample before 

quantitative analysis. This involves a dilution of the sample in buffer, if working with 

beverage samples [20,96] or physically extracting the biogenic amines in solid food samples 

[23,33].  

 

It is envisaged that the aptasensor presented in this work could be used to rapidly 

evaluate the histamine content in various food product samples. A recent, in-depth, meta-

analysis of histamine content in food products determined that individual content was 

widely ranged but the mean concentration leading to histamine poisoning was 1107.21 mg 

kg-1 [97]. This average approximates to 9.93 mmol L-1 of histamine, the same order of 

magnitude as the LOD of the aptasensor presented in Fig. 5. However, improvements to the 

sensitivity and decreasing preparation time of the H47 impedimetric aptasensor are 
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required to fully take advantage of its application. These factors could potentially be 

resolved by investigating other aptamer immobilisation strategies [95].  

 

4.  Conclusions 

 

This study elaborates on the process of selecting (SELEX), identifying, characterising 

and screening (ELONA, EIS) novel aptamers that have been conditioned to target histamine. 

The ability of these aptamers to favourably bind histamine over other ssDNA molecules and 

other small molecules demonstrates the potential of these aptamers in subsequent 

applications as histamine-specific biorecognition agents. SELEX was used to exploit the 

existing DNA-histamine relationship to generate novel aptamers conditioned to have high 

binding affinity and specificity towards histamine. Aptamer H47 demonstrated the lowest 

KD
app (72.8 ±13.9 nmol L-1) towards bead-immobilised histamine. When immobilised onto an 

electrode as an EIS aptasensor biorecognition agent, H47 demonstrated the largest ΔRct 

(6.83 ± 2.00) compared to other ssDNA sequences in the presence of histamine. The H47 

aptasensor also displayed high selectivity and a concentration-dependent response towards 

histamine, compared to other, related, small molecules.  

 

The EIS aptasensor in this work represents a sensor possessing the ability to directly 

detect histamine in solution at a physiological pH. This feature has not been previously 

documented by another detection method. Further work on this aptasensor is currently 

ongoing and aims to improve the sensitivity and preparation time of the H47 aptasensor by 

altering the aptamer immobilisation chemistries.  
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Figure Captions 

 

Fig. 1. Strategies used in this study to evaluate binding efficacy of histamine-targeting aptamers. (A) 

Colourimetric assay.  Streptavidin-linked horseradish peroxidase attaches to the aptamer-protein complex. The 

addition of TMB is oxidised during the enzymatic breakdown of H2O2 and results in the formation of a blue 

coloured compound (λmax = 655 nm). Endpoint analysis is initiated by the addition of 2 mol L
-1

 H2SO4, resulting 

in a yellow coloured product (λmax = 450 nm). (B) Impedimetric aptasensor. The rate of electron transport, at 

different frequencies, for the redox couple is determined by the surface state of the electrode. The formation 

of the target-aptamer complex alters the state of the surface such that a difference in Rct can be observed.  

 

Fig. 2. Visual representation of the ssDNA (%) determined in each fraction of SELEX. Notable trends: Overall 

pool enrichment after 11 rounds of SELEX(*); increased positive bead retention within wash step groups (◊); 

decreased positive bead retention due to increased wash step (●); subsequent decreases of the pool 

remaining in the unbound fraction (○); decreased affinity towards nega@ve and counter beads (□). 

 

Fig. 3. The N49 variable regions of the selected aptamer candidates investigated in this study and secondary 

structure models of H1, H25 and H47 based on the free energy minimisation (ΔG) predicted by UNAfold.(A) 

Aptamers H1 (red), H25 (blue) and H47 (purple) were selected for further structural analysis. Conserved 

nucleotide bases between sequences are shown in their respective colours. (B) Structure prediction was 

conducted using the following environmental constraints: temperature of 23 °C; sodium (Na
+
) and magnesium 

(Mg
2+

) concentrations were set to 20.0 mmol L
-1

 and 0.2 mmol L
-1

, respectively. 

 

Fig. 4. Screening of the selected aptamers using magnetic bead ELONA. The concentration-dependent binding 

of the selected aptamer candidates (H1, H25 and H47) and the control sequences (C5 and TBA) to histamine-

modified magnetic beads. Relative aptamer concentration was determined by conjugation of streptavidin-

horseradish peroxidase conjugate to the biotin-aptamer-target-bead complex and subsequent visualisation 

using TMB / H2O2 substrates. Inset box shows the legend, including the modelled maximal ELONA response 

(ΔOD450max) and the apparent affinity (KD
app

) obtained for individual sequences, using the magnetic bead 

ELONA. Kinetic modelling was performed using the Langmuir isotherm model (solid lines), using least-squares 

minimisation the nonlinear estimation modelling in Statistica® 13. Error bars represent standard deviation 

from the mean; n=3. 

 

Fig. 5. H47 aptasensor specificity towards histamine. (A) Rct between different aptasensors in the presence and 

absence of 15 mmol L
-1

 HIS. * represents statistical significance (two-tailed p-value of .05 or less), generated by 

a paired Student’s t-test, assuming equal variance, from the freshly prepared layer before and after the 

addition of HIS. Value annotations represent the ΔRct following exposure of each surface to 15 mmol L
-1

 HIS, in 

PBS. Error bars represent standard error from the mean with a 95% confidence interval; n=7. (B) Aptasensor 

selectivity of the H47 impedimetric aptasensor in the presence of various small molecules. Logarithmic G-F (●), 

LYS (■), HISD (♦) and HIS (●) at increasing concentrations (0 mmol L
-1

 to 60 mmol L
-1

). Measurements 



performed in 1:1 10 mmol L
-1

 [Fe(CN)6]
3-/4-

 in PBS. Kinetic modelling was performed for the aptasensor in the 

presence of HIS using the Langmuir isotherm model (grey dotted line) by minimisation of the least squared 

differences. Biosensor response (ΔRct) is reported as multiples of the standard deviation of the aptasensors’ 

responses in PBS without analyte (i.e. a value of 10 would refer to as being 10x the magnitude of the variability 

of s(Rct
APT

)). Error bars represent standard deviation from the mean; n=3. Inset: linear response (1 µmol L
-1

-5 

mmol L
-1

) of ΔRct with increasing concentrations of histamine. 
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Aptamer Variable region (5’ → 3’) Length (bp)

H1 GTAATAGTCTTCCTGTCCAAGGGTTACTTCGTCATTAAGATGTGTTCTG 49

H25 AAATTTCGACCCTTAATATTTCGCTCCGTCCACGCGTACTGATTCGTGT 49

H47 ATTTCTATGCTGCAGCCAACTTTTCCATACTTCCAGCTTACCATTTATC 49

∆G = -3.51 kcal.mol-1

Tm = 35.4 °C 

H1
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∆G = -5.08 kcal.mol-1
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Highlights 

 

The generation of novel aptamers selected for high specificity towards histamine. 

 

The detection of unmodified histamine at physiological pH by an impedimetric-based 

aptasensor. 

 

Specific detection of histamine over other small molecule analogues by the impedimetric-

based aptasensor. 

 

Determined several apparent aptamer binding affinities to immobilised histamine by 

ELONA.   

 

Determined apparent binding affinity of an immobilised aptamer (aptasensor) to free 

histamine in solution. 
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