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Abstract

Antibodies are the gold standard molecular recognition elements and a cornerstone of
molecular biology. They are used in immunoassays to precisely measure a specific analyte,
but certain targets are especially challenging. Difficult targets include small molecules
and molecules that do not induce an immune response. Aptamers are short oligonu-
cleotides that can form 3-dimensional structures and bind targets with high specificity.
Aptamers are smaller and more flexible than antibodies and could therefore solve this
problem. In contrast to antibodies, aptamers are synthetically produced, so they can
have affinity for molecules that do not induce an immune response. This also makes
them cheaper, faster and more ethical to produce. They are also easily modified and
have the ability to renature and can therefore be reused.

Our conclusions are that aptamers can outperform antibodies, especially for small molecule
targets, and that the synthetic production of aptamers gives them a further advantage
over antibodies. Our report compares several different types of detection methods that
use aptamers and we conclude that fluorescence-based methods are the most easy to use
with basic lab equipment, can be made similar to the ELISA kits in addition to giving
highly sensitive detection. We describe a variety of fluorescence-based detection strate-
gies but the optimal method will depend on the specific aptamer and target. The report
also includes an ethical analysis where antibodies and aptamers are compared.

This report is commissioned by Mercodia AB, a company that develops, manufactures and
distributes immunoassays for biomarkers within the field of metabolic disorders. They
commissioned this report in order to give an overview of how aptamers interact with their
target, and also to compare aptamer-based detection strategies with sensitivity prioritized
over selectivity. This was done by literature research.
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1. Glossary and abbreviations

Analyte: The interesting chemical component in an assay.

Antibody: A protein produced by the immune system as a response to an antigen.

Antigen: A molecule that can elicit an immune response.

Aptamer: A short oligonucleotide or polypeptide that binds a specific molecule.

Aptasensor: An analytical device that uses aptamers to detect chemical substances.

AuNP: Gold nanoparticles.

AuNS: Gold nanospheres, a type of nanoparticle.

Biomarker: A biological indicator that can be measured.

CE-SELEX: Capillary electrophoresis-SELEX

Cross-reactivity: When a biorecognition element detects target molecules with similar
structures.

DNAzyme: Catalytic DNA.

ELASA: Enzyme-linked apta-sorbent assay, an immunological assay that is using ap-
tamers.

ELISA: Enzyme-linked immunosorbent assay, an immunological assay used to measure
biomolecules.

Epitope: A part of the target molecule that is recognised by the recognition element.

Fluorescence: A form of luminescence that emits light after it has been absorbed.

Fluorophore: A fluorescent molecule.

Hapten: A small molecule that can elicit an immune response.
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HTS: High throughput sequencing is also known as next-generation sequencing, a se-
quencing technique.

Kd: Dissociation constant.

LFA: Lateral flow assay, a detection method.

LOD: Limit of detection, the lowest concentration of an analyte that can be detected.

Luminescence: Any process where light is emitted.

MB: Molecular beacon, a hairpin formed molecule with fluorescence.

Monoclonal: A sample that contains identical structures of the biorecognition element.

Multiplex assay: An assay that simultaneously measures multiple analytes in a sam-
ple.

NIR: Near-infrared

SELEX: Systematic evolution of ligands by exponential enrichment, a method to pro-
duce oligonucleotides.

PCR: Polymerase chain reaction, a method to amplify oligonucleotides.

Polyclonal: A sample that contains different structures of the biorecognition element.

Probe: Single-stranded oligonucleotide that has a complementary sequence in the sam-
ple.

qPCR: Quantitative PCR, measure nucleotides in real-time using PCR.

Quencher: A substance that decreases the fluorescence intensity.

RCA: Rolling circle amplification, a replication process that uses circular nucleotides.

Recognition element: The molecule that binds the target, for example, an aptamer,
antibody or enzyme.

SA: Split aptamers, a type of aptamers that are used in assays.

SERS: Surface-enhanced Raman scattering, an optical detection strategy.

Singleplex assay: An assay that only measures one analyte in a sample.
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SOMAmers: Slow off-rate modified aptamers.

SPR: Surface plasmon resonance, an optical detection strategy.

ssDNA: Single-stranded DNA.

SWNT: Single-walled nanotubes.

UCNP: Upconverting nanoparticles.
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2. Introduction

2.1 Aim

The aim of this report is to give Mercodia AB an overview of the structure, target-
interactions and synthesis of aptamers. In addition, the report aims to compare aptamer-
based detection strategies with sensitivity prioritized over selectivity and will also include
an ethical analysis.

2.2 Delimitation

There exists both nucleic acid and polypeptide aptamers, however this study will only
focus on nucleic acid aptamers, and primarily on DNA aptamers. It will also focus on
aptamers application in biosensors and not therapeutic applications of aptamers.

2.3 Method

For this report, a literature study of aptamers was conducted by searching for appropriate
sources for each subsection of the report. The databases PubMed, Web of Science and
Scopus were used to find relevant articles. From these databases and the search engine
Google Scholar, relevant articles were selected, summarized and then used in the writing
process.

The searches used relevant terms (such as aptamers, interactions, fluorescence etc.) when
searching for information in each subsection. No systematic search was conducted, but
the relevance of the articles was determined by a combination of reading abstracts and
mostly using highly cited articles. Only peer-reviewed articles were chosen. Often a
source within an article was used because of found relevancy when reading the article
that cited the subsequently used source.
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3. Background

3.1 Mercodia AB

Mercodia AB (www.mercodia.com) is a well-established developer, manufacturer and
distributor of immunoassays for biomarkers within the field of metabolic disorders. The
immunoassay Mercodia provides is an enzyme-linked immunosorbent assay of high qual-
ity that can be used to detect a wide range of antigens.

In 1994, Mercodia AB was founded in Uppsala, Sweden and is now a supplier of prod-
ucts and services to major international markets. Today, Mercodia has developed into a
trusted partner to both well-renowned universities, pharmaceutical- and biotech compa-
nies all around the globe.

3.2 ELISA - A method for the detection of biomolecules
using antibodies

Enzyme-Linked Immunosorbent Assays (ELISA) is a standard research and diagnostic
detection method used in a wide range of applications (Alhajj & Farhana 2022). There
are four main types of ELISAs, direct, indirect, sandwich, and competitive ELISA. All
these four methods have in common that the target molecule is captured by an antigen
or antibody that is immobilized in a well. The binding of the immobilized molecule to
the target produces a signal that can be measured and correlates to the concentration of
target in a sample.

3.3 Antibodies

Antibodies are a part of animals’ immune systems. They work by binding to a specific
antigen. This specific binding feature is today utilized in diagnostic tools, like for example
the detection of insulin (Shen et al. 2019). Antibodies are designed and produced by
exploiting the immune system of an animal. The specific antigen is injected into the
animal which induces an immune response and starts the production of antibodies (Owen
et al. 2013). This requires that the target molecule induces an immune response without
killing the animal (Thiviyanathan & Gorenstein 2012). Hence, assays based on antibodies
are limited to detection of immunogenic targets.
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3.3.1 Antibodies and small molecules

Small molecules rarely provoke an immune response on their own when injected, making
them a harder target to produce antibodies against (Murphy & Weaver 2016). Such
molecules are called haptens. They have to be covalently attached to a carrier molecule
that can help provoke an immune response. This will result in antibodies both against
the hapten and the carrier molecule. The quality of the antibodies will be affected by the
design of the hapten-carrier complex, and their affinity may be low for molecules without
some specific functional groups (Song et al. 2010). Furthermore, the large size of the
antibodies, 150kDa (Edelman et al. 1969), may lead to problems with steric hindrance
where the epitope of the target molecule becomes inaccessible to the antibody (Labrijn
et al. 2003).

3.3.2 Polyclonal- and monoclonal antibodies

One of two types of antibody mixtures is normally used in immunoassays. Either poly-
clonal, containing antibodies with different structures that all recognize the same target,
or monoclonal, containing identical antibodies (Murphy & Weaver 2016). Polyclonal an-
tibodies are extracted directly from the blood of an animal and purified. This results in a
mixture of antibodies that may recognize different epitopes and the procedure inevitably
leads to variation between batches. Monoclonal antibodies originate from a single B-cell
and are thus, at least in theory, identical. A common technique uses antibody-producing
cells called hybridoma. These are the result of the fusion of an antibody-producing B-cell
with an immortal myeloma cancer cell line. The hybridoma cell lines can live on forever,
producing identical antibodies indefinitely. Voskuil (2014) does however note that even
monoclonal antibodies can suffer from batch-to-batch variations. The hybridoma cells
contain the information needed to produce the antibodies and sharing and storing these
antibody-producing cells is no easy task.
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4. Aptamers - A specific biorecognition
element

Figure 1: Illustration of the ochra-
toxin A aptamer in complex with
Ochratoxin A. (Created using mol*-
viewer (Sehnal et al. 2021). Struc-
ture by Xu et al. (2022))

Double stranded DNA is the chief information
bearer in nature. Forming a stable alpha-helix
structure stabilized through Watson-Crick base
pairs and stacking interactions. Single stranded
DNA and RNA may be shown in textbooks as
a windling strand, but the reality is much more
interesting. Despite the limited amount of build-
ing blocks, nucleic acids are able to form complex
structures that encapsulate a specific ligand (Ku
et al. 2015). These ligand-binding nucleic acids
are called aptamers. The aptamer is a single-
stranded oligonucleotide that can bind with high
specificity to a variety of target molecules. They
can be thought of as globular proteins, forming
specific binding pockets to recognize everything
from metal ions, small organic molecules, to large
proteins. Aptamers are produced in vitro and are
easily modified with functional groups, reporter
molecules etc. Aptamers form 3-dimensional
structures to uniquely bind their targets. See Fig-
ure 1 for an example of an aptamer structure.

4.1 The 3-dimensional structure of aptamers

Nucleotide aptamers can fold into unique and stable secondary structures that allow
them to form tertiary structures that recognize and bind specifically to protein targets.
With these configurations, they can also discriminate between subtle molecular differences
within a target (McGown et al. 1995, Keefe et al. 2010, Thiviyanathan & Gorenstein
2012). Examples of tertiary structures are the stem-loop (Sassanfar & Szostak 1993,
Zhang et al. 2014), bulge (Sassanfar & Szostak 1993, Luebke et al. 1997), pseudoknot
(Tuerk et al. 1992, Kang et al. 1996), triple-helix (Bagheri et al. 2018), hairpin (Tuerk &
Gold 1990, Andersen et al. 2006) and G-quadruplex (Martadinata & Phan 2009, Doluca
et al. 2013). See Figure 2 for illustrations.
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Figure 2: Example illustrations made in PyMol (fetched from PDB) of aptamers tertiary
structures presented in previous research. Pseudoknot (Kang et al. 1996), bulge (Luebke
et al. 1997), stem-loop (Zhang et al. 2014), hairpin (Andersen et al. 2006) and G-
quadruplex (Martadinata & Phan 2009).

4.1.1 An important structure - The G-quadruplex

G-quadruplexes exist repeatedly in the human genome as an important part of the gene
regulation (Shim et al. 2009). These are interesting and potentially very useful 3D
complexes for biotechnical applications. The G-quadruplex is stacked G-quartets in G-
rich regions of single-stranded nucleic acids, formed by hydrogen bonds between at least
four guanine nucleotides and a stabilizing ion (Shim et al. 2009, Doluca et al. 2013,
Kohlberger & Gadermaier 2021, Busschaert et al. 2022). They have a high affinity for
target proteins and can therefore be used as powerful biorecognition elements (Bock et al.
1992, Shim et al. 2009). G-quadruplex allows interactions with hydrophobic and small
target molecules (Shim et al. 2009).

4.2 Aptamers are designed in vitro using SELEX

Unlike antibodies, aptamers are designed in vitro using a process called systematic evo-
lution of ligands by exponential enrichment (SELEX). It is at the heart of all aptamer
research, and improving and adapting the process is fundamental to all applications of
aptamers. The basic SELEX procedure can take weeks or months to finish and may not
always yield a functioning aptamer (Wu & Kwon 2016, Zhuo et al. 2017). Famulok &
Mayer (2014) cites a success rate of less than 30%. A variety of protocols have been de-
veloped that try to solve different types of challenges. The optimal protocol does however
depend both on the characteristics of the target, and the intended application.
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4.2.1 SELEX - how it started

The SELEX process was first described in two papers published in 1990 (Ellington &
Szostak 1990, Tuerk & Gold 1990). The first step in the process is to construct a ran-
domized library of oligonucleotides. This large library will hopefully contain one or many
functional aptamers and the objective is to isolate them. A suitable separation technique
is used to select oligonucleotides that bind the target, and the pool of aptamers with
apparent affinity for the target is collected. These are then amplified via PCR and the
new collection is once again run through the selection process. This process is repeated
until a few functioning aptamers with high affinity have been selected, see Figure 3.

Ellington & Szostak (1990) used a library of 155-nucleotide (nt) long oligonucleotides.
The oligonucleotides consist of an approximately 100 nt random sequence flanked by a
pair of primer annealing sites. The selection was done using dye affinity columns. Tuerk
& Gold (1990) used a shorter random sequence of 8 nt and instead used nitrocellulose
membranes in the selection step. Since then the method has been improved and adapted,
but the idea is still largely the same.

Figure 3: During the SELEX process an oligonucleotide library is constructed. The
aptamers from the library that bind the target (yellow) are then separated from the
other aptamers and amplified via PCR. The process is then repeated until aptamers with
high-affinity remain. (Modified from (Wang et al. 2021). Created with BioRender.com)

4.2.2 Negative- and counter-SELEX can combat off-target bind-
ing

While the exact method used in the selection step did differ, both Ellington & Szostak
(1990) and Tuerk & Gold (1990) used an immobilized target molecule. This immobi-
lization can lead to the selection of aptamers that bind nonspecifically to the matrix in
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question, as described by Ellington and Szostak in a later paper (1992). To resolve this
issue they introduced an extra step where aptamers that bind strongly to the matrix
without the target are removed from the pool.

This process called negative SELEX increases the specificity of the pool, and has since
been introduced as a common feature in SELEX protocols (Zhuo et al. 2017). A similar
procedure is counter SELEX. It was first described by Jenison et al. (1994) in their
successful attempt to design an aptamer with high affinity for theophylline, but with low
affinity for the very similar caffeine molecule. In this procedure aptamers that bind to
the non-target molecule are removed from the pool.

4.2.3 Capillary electrophoresis dramatically reduces the number
of selection rounds and may therefore combat PCR-bias

Capillary electrophoresis SELEX (CE-SELEX) can be used to reduce the number of se-
lection rounds thereby increasing the speed of the process (Mendonsa & Bowser 2004).
Each amplification round requires PCR and will therefore introduce PCR-bias. Factors
such as melting temperature, GC-content and length will heavily influence the efficiency
of PCR, and will skew the aptamer pool, possibly away from the optimal structure. A
review by Wang et al. (2019) describes how “without proper control, the SELEX process
is very likely to fall into selecting sequences to best fit not to the target of interest but the
PCR system.”. This violates the assumption that the proportion of different aptamers is
the same before and after amplification. Reducing the number of amplification rounds
may therefore increase the quality of aptamers, by reducing the amount of PCR-cycles,
introducing less PCR-bias.

The CE-SELEX selection process was first described by Mendonsa & Bowser (2004).
Unbound DNA will migrate at a relatively constant speed while DNA-target complexes
will be slower. This leads to excellent separation and the number of rounds can be de-
creased from 15-20 to 2-4. There are however two major drawbacks (Saito 2021). Firstly
the library size has to be reduced due to the low injection volume. Secondly, the method
is usually not appropriate for small targets since these generally do not lead to a large
enough mobility shift.

4.2.4 Capture-SELEX - finding structure switching aptamers for
small target molecules

Small target molecules are not only difficult for CE-SELEX, the small size makes them
hard to immobilize which is a problem for many SELEX protocols. There is however a
method that is well suited to small target molecules, Capture-SELEX. In Capture-SELEX
the oligonucleotide is immobilized instead of the target (Stoltenburg et al. 2012). This is
especially useful for small targets that cannot themselves be immobilized. A very similar
process was described in 2005 by Razvan Nutiu and Yingfu Li. Their explicit aim was to
create structure switching aptamers for use in fluorescence-based signaling probes.

The random oligonucleotides, possible aptamers, contain primer binding sequences on
both ends of the oligonucleotide. The middle section consists of a docking region in-
serted in between two random regions. Oligonucleotides called capture oligos are bound
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to streptavidin coated magnetic beads via a spacer containing biotin. These have a se-
quence that is complementary to the docking region of the random oligos. The random
oligos are mixed with the magnetic beads to let the capture oligos hybridize with the
docking region of the random oligos. In this way the random oligos are captured by the
capture oligos and immobilized on the magnetic beads. The beads are washed to remove
any unbound oligonucleotides and then incubated with the target molecule. Random
oligos that bind the target and undergo a conformational change in the process will let
go of the capture oligos and create a complex with the target molecules. The beads can
then be separated magnetically. All selected oligonucleotides are then amplified in a PCR
reaction, and the process is repeated.

4.2.5 A SELEX protocol for finding aptamer pairs

The choice of SELEX protocol will impact the possible applications of the aptamers. Cho
et al. (2015) describe a process of finding aptamer pairs that could be used in, so–called,
sandwich-type assays. The first step is to find a wide range of aptamers using SELEX.
This is done using a less stringent selection than usual followed by high throughput
sequencing (HTS). The performance of these aptamers is measured in a microplate array
and the best performing aptamer is identified. This aptamer is used to block the primary
epitope of the target molecule and the microplate is screened once more to find the best
aptamer to pair with the first aptamer. The resulting aptamer pair should be well adapted
to a sandwich assay.

4.3 Renaturation of aptamers - makes it possible to
reuse them

Aptamers have the ability to denature and renature repeatedly which makes it possible
to reuse an aptamer in an assay, something that is not possible to do with antibodies,
once proteins are denatured it is unusual for them to renature (Jayasena 1999). The
fold of an aptamer is affected by environmental factors such as temperature, pH, salt
concentration etc. By selecting the aptamers under specific conditions in the SELEX
process the aptamers can be selected to fold into the right conformation during these
specific settings. Hence, aptamers can be denatured and renatured on command by
changing specific environmental factors.

4.4 Modifications of aptamers

Proteins, such as antibodies, are made up of 20 different amino acids with a large vari-
ation in chemical properties as well as shapes and sizes. The four bases that make up
aptamers are not only fewer but also much less chemically diverse. Multiple labs and
companies have tried to mimic the diversity of amino acids by adding side-chains to se-
lected nucleotides in aptamers (Thiviyanathan & Gorenstein 2012, Rohloff et al. 2014).
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4.4.1 SOMAmers incorporate attached hydrophobic groups to
increase affinity to protein targets

Slow off-rate modified aptamers (SOMAmers) are produced by the company SomaLogic.
They provide high affinity to a wider range of protein targets. They contain pyrimidines,
specifically uridine, with attached groups at the 5-position. The most successful ligands
seem to have hydrophobic aromatic character according to Rohloff et al. (2014). This
seems reasonable given that aptamer-target binding generally lacks hydrophobic interac-
tions other than stacking. They cite a success rate of 80%. This may be compared to
a previously cited success rate of 30% for standard aptamers (Famulok & Mayer 2014).
It is not however clear that this is a fair comparison, but SOMAmers seem to have been
successful in cases where aptamers have struggled (Gold et al. 2010). They reason further
that by varying the character of the side-chain it may be easier to find aptamer-pairs that
can be used in sandwich-assays, as they bind to different parts of the target molecule.

4.4.2 Modifications of the backbone increase resistance to nucle-
ases

In some situations, an oligonucleotide of unmodified bases will be degraded by nucleases
(Bouchard et al. 2009, Bouchard et al. 2010, Thiviyanathan & Gorenstein 2012). This
problem can be solved by chemical modification of the bases without impairing the bind-
ing affinity to the target molecule. For example, replacement of the 2’H in DNA or 2’OH
in RNA with either 2’F or 2’OMe-group (Pieken et al. 1991). Other strategies are to
modify the phosphate backbone (King et al. 1998) or to use locked nucleic acids (Crinelli
et al. 2002, Darfeuille et al. 2004).

Thioaptamers are more stable with higher affinity

Thioaptamers are aptamers where nonbridging oxygens, that only bind to the phospho-
rous atom, in the phosphate backbone have been replaced by sulfur (Thiviyanathan &
Gorenstein 2012). This can yield increased stability by increasing nuclease resistance. It
also seems to yield increased affinity towards protein targets. X-aptamers (marketed as
RaptamersTM) are an example of thioaptamers, that also add a wide variety of functional
groups to the 5-position of pyrimidines. They are selected via a bead-based approach
that does not use any amplification steps.
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5. Target-aptamer interactions

In order to understand how aptamers work it is crucial to understand how they inter-
act with their targets. Aptamers can interact with a wide range of different molecules,
from metal-ions to large proteins. The aptamer’s 3-dimensional structure and the nu-
cleic acid sequence as well as the specific properties of the target affect the specifics of
the interactions. Aptamers form 3-dimensional structures through Van der Waals- and
electrostatic interactions (Prante et al. 2019) that contain some common motifs such as
bulges, tetra loops and stems (Pang & He 2016). These structural elements influence the
binding of the target. The specifics of aptamer-target interaction and some examples of
protein-aptamer interactions will be discussed in this chapter.

5.1 Protein-aptamer interactions

Aptamers tend to bind proteins at sites where DNA/RNA ligands bind to nucleic acid
binding proteins in nature (Cox et al. 2002). These bindings bind in similar ways, and
with a similar structure as a naturally occurring ligand. In addition, when selecting RNA
aptamers for a DNA binding protein the RNA aptamer seems to assume a similar physical
and chemical structure as the naturally occurring DNA ligand, suggesting that RNA
and DNA can bind targets with similar interactions (Ghosh et al. 2004). The general
interactions between single-stranded DNA-binding proteins and DNA consist essentially
of stacking and packing interactions between amino acid side-chains and nucleic acid
bases and ribose rings, as well as hydrogen bonding (Oliveira & Ciesielski 2021). Ionic
interactions such as salt bridges between positively charged protein side-chains and the
negatively charged phosphates of the nucleic acid backbone are critical for protein-nucleic
acid interactions (Yu et al. 2020).

5.1.1 RNA- and DNA thrombin binding aptamers

An example of a protein that has both a DNA and an RNA aptamer that can bind
to it is Thrombin. Thrombin is a serine protease that catalyzes the reaction in which
fibrinogen is converted into fibrin, and plays an important part in the blood coagulation
process (Goldsack et al. 1998). Thrombin has an anion binding exosite that helps with
specificity against its substrate, fibrinogen, as well as a second exosite that can bind the
anticoagulant heparin. Thrombin has a positively charged surface making it suitable for
interactions with the negatively charged backbone of nucleic acids even though it does
not interact with either DNA or RNA in nature. The 15-mer DNA aptamer that binds to
thrombin has a G-quadruplex structure with two G-tetrads, the tetrads are linked by a
“TGT” loop on one side of the aptamer and two “TT” loops on the other side, see Figure 4
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(Padmanabhan & Tulinsky 1996). According to NMR and X-ray crystallography analysis
of the thrombin-aptamer complex the aptamer interacts with both exosites of the protein.

Figure 4: The DNA aptamer
(green) that binds thrombin (pur-
ple).(Created using mol*- viewer
(Sehnal et al. 2021). Structure by
(Padmanabhan & Tulinsky 1996).

According to the X-ray structure, four salt bridges
between the protein and aptamer are formed at
the heparin binding site. Two ion pair interactions
are formed at the fibrinogen exosite, in addition to
several hydrophobic interactions between the loop
structures of the G-quadruplex, and both exosites.
However, according to the NMR structure, no ion
pair interactions are formed at the fibrinogen ex-
osite, while the four salt bridges in the heparin
binding site still form. Both cases suggest that the
heparin binding site is in fact the primary binding
site of the protein, preferred by the DNA. There
also exists an RNA aptamer for thrombin called
Toggle-25t (Long et al. 2008). This RNA aptamer
has a different structure compared to the DNA ap-
tamer and binds only to the heparin binding site.
Toggle-25t has a stem-loop structure where five
arginine and three lysine residues participate in
the binding. The interactions consist of two ion
pair interactions, hydrogen bonds, van der Waals
interactions as well as π-π stacking interactions
between adenines and arginines along nearly the
entire length of the aptamer.

5.1.2 Aptamers can bind hydrophobic regions via stacking inter-
actions

Aptamers selected via SELEX can adapt to their target with great conformational plas-
ticity and can thus bind a variety of proteins, including proteins that do not bind nucleic
acids in nature (Nomura et al. 2010, Davies et al. 2012). RNA aptamers seem to be
able to bind their target with not only electrostatic interactions, but with weaker van
der Waals interactions as well (Nomura et al. 2010). This suggests a high potential for
binding a variety of targets. An example of this is the human IgG1-binding RNA aptamer
that binds to the antibody with mainly van der Waals interactions where a single guano-
sine participates in most of the interactions with the protein. Suggesting that aptamers
are not limited to binding with mainly electrostatic interactions to positively charged
targets. In addition, it is noteworthy that the aptamer binds to an exceptionally small
epitope of the protein, only about 580 Å2.

5.1.3 An RNA aptamer that can bind lysozyme

Another example of the interactions between RNA aptamers and proteins is the binding
between the aptamer Lys1.2minE and lysozyme (Padlan et al. 2014). The RNA aptamer
binds to the lysozyme with two salt bridges between the backbone phosphates and the
protein, more specifically between the side-chains of Lys1 and Arg5 and the phosphates
of A31 and A35, respectively. In addition, several hydrogen bonds are formed between
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the phosphate backbone and the lysozyme side-chains. The aptamer-protein interface is
only about 410 Å2 but still the binding affinity (Kd) is in the nanomolar range.

5.1.4 Interactions between a DNA aptamer and Connective tis-
sue growth factor protein

Lastly, an example of the binding between a DNA aptamer and the protein connective
tissue growth factor (CTGF) (Gao et al. 2019). The aptamer APT1M6T with affinity
for two different domains of the CTGF protein was obtained through SELEX and var-
ious optimizing strategies. Since the aptamer can bind two sites of CTGF it could be
used for detection methods like sandwich ELASA. The aptamer structure consists of an
antiparallel G-quadruplex containing three G-tetrads. The loop-structures “ATA” and
“TAT” in the G-quadruplex create a binding pocket that can bind to both ends of the
ribbon-shaped protein, on one end at the C-terminal of the protein, and on the other end
at the middle region of the protein. The aptamer binds with a dissociation constant, Kd,
of 86.1 nM to the middle region of CTGF and a Kd of 3.9 nM to the C-terminal region
of CTGF. The “TAT” and “ATA” loop regions mostly engage in hydrogen bonding and
hydrophobic interactions with CTGF while the G-tetrads near the aptamer binding site
mostly interact with the protein through hydrophobic and π-π stacking interactions. The
Tyr279 on CTGF seems to be one of the key residues in the aptamer binding; it partici-
pates in both hydrogen bonding and π-π stacking interactions with multiple bases in the
G-quadruplex, see Figure 5. The hydrogen bonding and the π-π stacking interactions
between CTGF and APT1M6T are crucial factors for the high stability and affinity of
the aptamer-protein complex.

Figure 5: Two APT1M6T aptamers bound to the protein CTGF. The pink structures
represent the two aptamers, the two G-quadruplexes, and the blue line represents the
protein CTGF. (Created with BioRender.com)

5.2 Metal ion-aptamer interactions

Metal ions are challenging target molecules for many detection strategies due to their
small size and single binding site (Guo et al. 2021). Another challenge is the similarity
between ions that can lead to cross-reactivity. It occurs when the biorecognition element
is not specific enough and binds a similar ion instead of the correct one. To overcome
these challenges, the biorecognition element needs to have a high specificity which ap-
tamers can have.
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Naturally, when ions bind to nucleotides the stability of the molecule can increase but
it can also denature the molecule (Zhou et al. 2017). Both DNA and RNA have the
ability to renature after denaturation without losing the affinity for metal ions. Still,
DNA aptamers have been used more than RNA aptamers. This because DNA are more
stable than RNA.

One of the greatest difficulties when working with aptamers and ions is the selection
process and the isolation of the aptamer (Rajendran & Ellington 2008). One way to se-
lect the most suitable aptamer is to use aptamers that undergo a conformational change
when binding a metal ion. This selection method yields aptamers with high affinity to
the target ion but they can still have a hard time distinguishing between similar ions. For
example in the Rajendran & Ellington (2008) study, metals from the same group like zinc
and cadmium had cross-reactivity due to similarities. In another study where cadmium
was the target molecule, higher specificity could be seen and the cross-reactivity that
occurred, this time with copper, could be adjusted by changing the pH in the solution
(Wang et al. 2016).

5.2.1 How ssDNA interacts with metal ions

The ssDNA is very flexible and can fold into three-dimensional structures with pockets
that contribute to metal coordination (Wang et al. 2016). In these pockets, negatively
charged backbones are exposed and the bases that contribute to the metal coordination
are visible. Metal ions are positively charged and are drawn by electrostatic interactions
to the negatively charged backbone of the nucleotide. This is usual for the metals in
groups one and two of the periodic table such as sodium and magnesium. However, not
all metal ions bind exclusively to the phosphate groups in the exposed backbone. Some
of the transition metals can interact with both the backbone and the nucleobases. When
they bind to the bases the metal ions mostly interact with the double-bonded nitrogen
and depending on the ion it binds with different affinity.

A common structure for metal-ion binding aptamers is the G-quadruplex structure (Ya-
dav et al. 2020). For the aptamer to adopt this conformation, the electrostatic repulsions
between phosphate groups in the backbone need to be alleviated, which positive metal
ions such as palladium can accomplish when binding the negatively charged oxygen. The
G-quadruplex structure is stiff after binding the ions and gives high selectivity and only
a slight interference from cadmium could be detected in the Yadav et al. (2020) study.

5.2.2 Stabilizing the aptamer using metal ions

Metal ions can also interact with the aptamer in a way that stabilizes it (Ponzo et al.
2019). When aptamers form different 3-dimensional structures, atoms with the same
charge can end up close to each other making the conformation unstable due to repul-
sive forces. Ions can neutralize these forces and make the structure more stable. An
illustrating example is when aptamers form the common G-quadruplex structure. In the
G-quadruplex, 4 guanine molecules will form a square with a guanine molecule in every
corner (Bhattacharyya et al. 2016). These molecules will bind to each other with hydro-
gen bonds. When this happens the oxygens in the guanine will come close to each other
creating repulsive forces within the structure. Their negative charge can be neutralized
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by a cation which stabilizes the structure. Another way for the cation to stabilize the
G-quadruplex is to sit between the stacked guanine planes instead of in the planes.

A common cation for stabilization is potassium. Other cations can be used in order
to stabilize the structure but studies show that the aptamer will fold differently depend-
ing on which cation is used (Bhattacharyya et al. 2016, Ponzo et al. 2019). This shows
that the choice of ion in the buffer is an important factor when using aptamers since it
will affect the aptamer’s structure and therefore its ability to bind to the target.

5.3 Small molecule-aptamer interactions

5.3.1 Small target molecules are integrated into, and stabilize
the aptamer structure

Figure 6: Ochratoxin A. (Created using
mol*-viewer (Sehnal et al. 2021). Structure
by Xu et al. (2022))

Aptamers for small target molecules tend
to integrate the target molecule into
their structure (Kohlberger & Gadermaier
2021). Ochratoxin A (OTA) is a small
mycotoxin, see Figure 6. Xu et al.
(2022) studied the interactions of the
OTA-aptamer (OBA33) and OTA through
Nuclear Magnetic Resonance (NMR). Free
OBA33 lacks a well-defined structure.
When OTA is added OBA33 seems to sta-
bilize into a well-defined structure, see Fig-
ure 7. A similar pattern is observed in the
structure of a theophylline binding RNA-
aptamer (Zimmermann et al. 1997). The
authors compare the ligand to “the key-
stone in an archway”, as the structural in-
tegrity is dependent on it. Xu et al. (2022)
explain how the binding pocket in OBA33
is created at the junction between a G-
quadruplex and a duplex and OTA is inte-
grated into the structure of the aptamer.
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5.3.2 OTA and OTB are distinguished between mainly through
a halogen bond

Ochratoxin B (OTB) is almost identical to OTA, differing only by a single chlorine atom
substituted for a hydrogen (Xu et al. 2022). The OTA-aptamer does however differ-
entiate between these two molecules, with a 100-fold lower affinity for OTB compared
to OTA. A monoclonal antibody designed for OTA is much less specific, it only has
a 3-fold lower affinity for OTB (Cho et al. 2005). The OTB33 aptamer has a high
affinity for OTA with a Kd of about 50 nM. The high affinity is possible despite the
negative charge of OTA due to a combination of hydrophobic interactions, and a halo-
gen bond between the chlorine atom and the aptamer. Hydrophobic interactions are
important to the affinity of OBA33 for OTA (Xu et al. 2022). Both through stacking
interactions between the aromatic rings in OTA and nearby bases, but also between C29

Figure 7: OBA33 - OTA com-
plex. (Created using mol*-
viewer (Sehnal et al. 2021).
Structure by Xu et al. (2022))

and the methyl group of OTA. A halogen bond be-
tween the chlorine atom in OTA and the aromatic
ring and C5 base contribute heavily to the speci-
ficity and the ability of OBA33 to distinguish be-
tween OTA and OTB. The OTB lacks the chlo-
rine atom which greatly reduces the binding energy.
The exact position of C29 and C5 is very impor-
tant to the affinity for OTA. These bases are not
mainly stabilized by stacking, unlike much of the
structure, they are instead incorporated into a base
quartet and a triplet respectively where bases inter-
act through hydrogen bonds. This fixes the bases
in specific positions which creates a tight binding
pocket.

Theophylline and caffeine differ only by a methyl group,
but the theophylline aptamer still has high specificity
with 10 000-fold higher affinity for theophylline com-
pared to caffeine (Zimmermann et al. 1997). This is
mainly due to steric hindrance. The methyl group of
caffeine disrupts the structure of the aptamer, reducing
its stability.

5.3.3 Metal ions stabilize the structure
and may help with affinity for negative molecules

Metal ions are known to be important to aptamer folding (Ponzo et al. 2019). The
structure of OBA33 elucidates the mechanisms behind this importance (Xu et al. 2022).
The Mg2+, Na+ and K+ ions are all important in stabilizing a complex and well-defined,
but still flexible structure. Ochratoxin A is a negatively charged molecule, which is
generally challenging for aptamer recognition due to the negatively charged backbone of
nucleic acids. The structure shows that the negatively charged oxygen atoms on the OTA
are close to the phosphate groups of the backbone. Positive metal ions may help balance
out the negative charges, increasing stability of the complex.
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6. Assay design

Assays can be designed in many different ways, but some components are common for all
of them. Such components are the biorecognition element, which senses and identifies the
target molecule, and a signal reporter, which gives a readable and often quantifiable signal
when the aforementioned target is sensed (Han et al. 2010). The biorecognition element
can be any molecule that captures a target molecule, but in this section biorecognition
element refers to an aptamer. This chapter will in broad strokes describe how different
configurations of the common components can be arranged, and how that will impact the
range of targets, selectivity and sensitivity of the assay. The methods direct and indirect
ELASA, enzyme-linked apta-sorbent assay will be mentioned. A method that reminds of
ELISA but uses aptamers instead of antibodies. However, the main comparison will be
between sandwich assays and competitive assays. In a sandwich assay two biorecognition
elements bind the target to give a signal (Han et al. 2010). While in competitive assays
the target molecule “competes” with another ligand for the binding site of the biorecog-
nition element, and the signal is given by how much of the ligand versus how much of
the target is bound when the test is done.

6.1 Direct and Indirect ELASA

Direct ELASA is a straightforward detection method that is often used to determine
the dissociation constant, Kd, of aptamer-target complexes (Toh et al. 2015). When
performing direct ELASA the target is immobilized on an immobilization surface and an
enzyme-labeled aptamer is added. If the aptamer binds the target the enzyme on the
reporter aptamer will catalyze a reaction with an added substrate. This reaction creates
a signal that can be measured. Direct ELASA shares many similarities with the method
direct ELISA, the main difference is the use of aptamers instead of antibodies.

Similarly, when performing the detection method indirect ELASA the target is also im-
mobilized on a surface but instead of an aptamer recognizing the target an antibody with
affinity for the antigen is bound, if there is a match (Toh et al. 2015). Enzyme-labeled
aptamers are then added to bind the antibody, and if bound generates a signal in a similar
way as in direct ELASA. In general, this is not a very popular method due to the risk of
unspecific immobilization of the antigen as well as the fact that there are not as many
aptamers developed to bind antibodies instead of antigens.
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6.2 Sandwich assays

The sandwich assay is not unique to either aptamers or a specific detection method,
but because they are widespread and used in a multitude of detection strategies, they
warrant a general explanation of the concept. The reason for the widespread use of this
type of assay, is that it provides both a high specificity, and selectivity (Shen et al. 2014).
However the assay-type is not perfect, and a big problem with sandwich-type assays is
that the target needs to present two epitopes in order for the assay to work. Sadly all
molecules do not meet this criterion, and this problem is most prominent when working
with small molecules. The widespread use of sandwich assays can be seen when looking at
the several types of biosensors that utilize this type of design. For example they are used
in colorimetric assays, fluorescence immunoassays and electrochemical assays, (Shen et al.
2014) which all will be explained in more detail under the chapter “Detection strategies”.

6.2.1 “A piece of meat between two pieces of bread” - General
design of the sandwich assay

The sandwich assay can in its simplest form be described as “ ‘a piece of meat’ inserted
within ‘two pieces of bread’ ”(Han et al. 2010), and usually consists of three basic com-
ponents: analytes, recognition molecules, and the signal marker (Shen et al. 2014). The
recognition elements are the ones that recognize the analyte, and the signal marker makes
the assay able to signal when it detects the analyte in the tested sample. The recogni-
tion elements can be any biorecognition element that binds to the analyte, for example
aptamers, or antibodies. The “sandwich” does not need to have the same type of biorecog-
nition element on top and bottom, and the combinations of antibody-analyte-antibody,
aptamer-analyte-antibody and aptamer-analyte-aptamer assays exist (Han et al. 2010).
The assay usually has one of the biorecognition elements immobilized on some surface,
this element will then capture the target. The other element that gets added after a wash,
is called the reporter and is usually labeled in some way to give a signal in the assay.

The signal marker is usually connected to the biorecognition element on top to avoid
the label interfering with the first biorecognition element-analyte binding, which can be
the case when using a labeled analyte or a label on the immobilized biorecognition ele-
ment (Miles & Hales 1968). An upside to using aptamers in sandwich assays is that they
in some cases can act as intrinsic reporters and thus do not need further modification in
order to be used in an assay (Barhoumi et al. 2008). For example, an antibody would
need to be modified with some type of reporter molecule or a label in order to be used,
whilst the aptamer in some cases does not.
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6.2.2 Sandwich assays struggle with smaller molecules - whilst
excelling with bigger ones

A big upside to using a sandwich assay compared to a competitive assay is that, with
two biorecognition elements that bind to two different epitopes of the analyte, a higher
specificity can be achieved, compared to assays that only bind to one epitope (Katus et
al. 1982). This higher specificity can be achieved whilst still managing to also achieve a
very high sensitivity (Shen et al. 2014). Another upside of sandwich assays compared to
competitive assays is that they are multiplex instead of singleplex, meaning that for the
assay to give a positive result, more than one binding (in the case of sandwich assays,
two bindings) between the biorecognition elements and an analyte has to occur (Juncker
et al. 2014). Requiring multiple bindings for a positive signal lowers the probability of
getting false positives due to cross-reactivity in the assay. The lower rate of false positives
comes from the fact that the probability of two illegitimate bindings occurring between
two separate biorecognition elements and an analyte, is lower than the probability of just
one illegitimate binding between a biorecognition element and an analyte. This does not
mean that the cross-reactivity is lower in the sandwich assay compared to a competitive
assay, but that the false positives due to the cross-reactivity is lower.

In antibody-based sandwich assays steric hindrance can be a problem when the ana-
lyte is a small molecule (Chen et al. 2016). Aptamers are smaller than antibodies, but
the exact size is determined when designing the aptamer. A common size is around 8-12
kDa (Liss et al. 2002, Chen et al. 2016), much smaller than an IgG antibody, which is
around 150 kDa (Edelman et al. 1969). Because of their smaller size aptamers can offer
an assay with less steric hindrance between the two biorecognition elements than the tra-
ditional antibody-based assay. In some cases it is possible that two aptamers can cause
too much steric hindrance, for example when dealing with very small molecules (Chen
et al. 2016). The problem with small molecules is that they sometimes only present one
epitope, or sometimes even just a part of an epitope. Binding two probes simultaneously
on such a molecule is a very difficult, and most likely impossible task. If the target only
has one epitope, another method should be used, for example a competitive aptamer
assay.

6.3 Split aptamers can be used to “sandwich” small
molecules

By working with aptamers there is a way to still be able to get the benefits of a sandwich-
type of assay, whilst working with a small molecule as the target. The way this can be
done is by using split aptamers, also known as SA (Chen et al. 2016). The principle
behind split aptamers, is that an aptamer that is known to bind small molecules is split
into two fragments. When the fragments come in contact with the target molecule in an
assay the fragments form a ternary complex “sandwiching” the target in between the two
strands (Qi et al. 2020). The biggest challenge when working with SAs, is to be able
to synthesize an aptamer that will bind, and form complexes correctly. As of the year
2020 only 16 out of over a hundred known small-molecule binding aptamers have been
successfully fragmented into a functioning split-aptamer (Qi et al. 2020). The reason
why the fragmentation seems to be a bottleneck to find good candidate aptamers for
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the split aptamer-based biosensors, is that the understanding of how the aptamer-target
interactions function and how ternary complexes form is lacking (Chen et al. 2016, Qi et
al. 2020).

6.3.1 Design strategies of split aptamers - Fragment length

What is known about the design of split aptamers, is that good candidates usually have
well-defined structures of the aptamer-target complex, to avoid splitting the aptamer
close to the binding site (Chen et al. 2016). The aptamer fragments are typically also
very short, with few of them being more than 40 bases, and often around 30 bases long,
some are even as short as only 12 bases (Qi et al. 2020). The splitting site of the aptamer
into these fragments seems to be best suited at approximately 50% of the aptamers’ full
length, creating two strands with similar lengths.

6.3.2 Design strategies of split aptamers - Splitting in the hairpin
loop

In some cases, this split would optimally be in a hairpin-loop structure of the aptamer,
and there have been conflicting theories and findings about how this affects the target-
binding properties of the aptamer (Chen et al. 2016). In the paper where the first split
aptamers were synthesized and tested by Stojanovic et al. (2000), they hypothesizes that
splitting in the loop regions of the aptamer structure does not affect how the aptamer
binds the target, because when the aptamer reassembles itself, the ligand binding pocket
would be recreated (Stojanovic et al. 2000). On the other hand, Kent et al. (2013) found
that the hairpin loop structures are vital to the binding of substrate in many aptamers.
They concluded that disrupting it by splitting the aptamer in that region, will in most
cases make the split aptamer unable to recreate the binding site, and thus make it unable
to detect and bind the desired target (Kent et al. 2013). This is not a problem if the
loop is not part of the target binding domain (Chen et al. 2016).

6.3.3 Design strategies of split aptamers - Balanced GC-content
vital for good splits

In addition to the length of the aptamer fragments, the GC-content seems to play a role
in whether it is possible to create a split aptamer of an aptamer, or not (Qi et al. 2020).
For the known successfully split aptamers, the GC-content is usually around 40-60%, and
it is thought that the existence of this optimal ratio comes from the higher risk of base
pairing and entanglement between the strands. This is a problem because if the strands
interact without it having bound a target, it would not be able to bind said target later.

Even if this type of technology has the potential to be used in almost every category
of aptasensor that uses a sandwich-based detection, the split aptamers are mainly found
in optical biosensors, which make up around 85% of all current SA-aptasensors, with this
subcategory being dominated by fluorescence-based sensors (Qi et al. 2020).
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6.4 In a competitive assay two molecules compete for
the aptamer

In a competitive aptamer-based assay the target molecule competes with a reporter ligand
for binding to the aptamer (Prante et al. 2019). The aptamer is first added together
with the reporter. The analyte is then added and it will outcompete the reporter ligand.
The amount of reporter that is bound to the aptamer will be proportional to the amount
of analyte. Measuring the amount of reporter in solution therefore yields a measurement
of analyte concentration.

6.4.1 The mechanism of competitive assays

Wang et al. (2021) describes that the aptamer has a change in its conformation when
it binds to a target in order to bind completely. When this happens the aptamer can
form structures like hairpins, helices, stem-loops or G-quadruplexes. This conforma-
tional change in some region of the aptamer can interrupt weaker interaction between
the aptamer and a temporarily bound reporter. The reporter is often an oligonucleotide
complementary to the aptamer. This results in target-induced dissociation of the re-
porter molecule. This is exploited in a competitive aptamer assay. By making it possible
to track the dissociation of the oligonucleotide, the concentration of the target can be
measured. See Figure 8.

Figure 8: A fluorescent oligonucleotide (blue + green) is bound to an aptamer (red).
The target molecule (purple) binds to the aptamer and the oligonucleotide dissociates.
(Created with BioRender.com).
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6.4.2 Competitive exchange of molecules - how triple helices emit
signals

An example of a competitive assay is when the aptamer is designed to bind an oligonu-
cleotide which works as a signal probe. When the aptamer binds to a present target
molecule the signal probe will be released and a signal will be created (Xu et al. 2015,
Wang et al. 2019, Zhang et al. 2020). One common structure for this assay is the
triple helix structure, which is an aptamer loop flanked by two DNA sequences. The two
DNA sequences are twined together into a helix and the third DNA sequence, that forms
the triple helix, is the signal probe entwined between the two DNA segments flanking
the aptamer loop. This conformation is very stable due to Watson-Crick and Hoogsteen
base pairings and the signal probe is tightly attached to the structure (Wang et al. 2019).
When the target molecule encounters the aptamer new connections will be formed, mostly
electrostatic forces and hydrogen bonds, leading to conformational changes and thus re-
leasing the signal probe that will produce a signal, see Figure 9. For higher specificity,
two triple helices could be used to surround the signal probe from two sides so two target
molecules would be required to get a signal (Zhang et al. 2020).

Figure 9: The aptamer site (yellow) is flanked by two DNA sequences (blue and green)
forming together with the signal molecule (red) a triple helix. When the target molecule
binds to the complex the signal molecule will be released and create a signal. (Modified
from (Wang et al. 2019). Created with BioRender.com)
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7. Detection strategies

Aptasensors are a subclass of biosensors that use aptamers as the recognition element,
where the aptamer binds to the analyte resulting in a signal that can be measured (Moreno
2019). In the following chapter examples of different aptasensors will be presented where
a variety of signaling strategies are used. These strategies include fluorescent, electro-
chemical and optical mechanisms to create a signal that can be measured and used to
determine the concentration of a target in a sample (Nutiu et al. 2013).

7.1 Fluorescence-based detection methods

The fluorescence-based assay methods usually utilize the fact that aptamers change their
conformation upon binding their target, when the conformation changes an emittable
light-signal is changed. This is done by placing fluorophores and/or so called quenchers
in strategic positions on the aptamer so that the binding to a target causes a change in
fluorescence emissions. A quencher can absorb the energy emitted from a fluorophore
causing a decrease in fluorescence intensity (GeneLink.com). The distance between a
quencher and a fluorophore affects the intensity of the fluorescence, if the quencher is
close to the fluorophore it effectively quenches the fluorescence emissions. Fluorescence-
based detection has the advantages of being able to be monitored in real-time (Yang et al.
2005, Huang et al. 2010), as well as the fact that there exists a variety of commercially
available fluorophores and quenchers (SigmaAldrich.com).

7.1.1 Fluorescent dye conjugated to DNA- and RNA aptamers
for quantitative detection of ATP

Jhaveri et al. (2000) developed a label-free fluorescent-based detection method by flu-
orescently modifying DNA and RNA aptamers for the detection of ATP. The signaling
aptamers were developed by placing two different fluorescent dyes, acridine and fluores-
cein, at different sites on both DNA and RNA aptamers to test which variant produced
a strong target-dependent fluorescent signal. The method utilizes the fact that aptamers
change their 3-dimensional structure upon binding their target, causing a change in the
environment around the dye. This can cause a change in its fluorescence intensity. Only
when acridine was incorporated at residue 13 of the RNA aptamer, near its ATP binding
site, and fluorescein was placed between residues 7 and 8 in the DNA aptamer, also near
the ATP binding site, a significant increase in the fluorescence intensity was detected.
In this case the increase was between 25 to 45%. The dyes were placed near the ATP
binding site in both cases but not on any of the residues participating in the interaction
with ATP. The method worked well in terms of selectivity, and no or very little change in
the fluorescence was detected when GTP, CTP or UTP instead of ATP were added. On
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the other hand, the sensitivity of the method was not as good. The RNA aptamer had an
estimated dissociation constant, Kd, somewhere in the millimolar range while the DNA
aptamer had slightly better affinity with a Kd lower than 13 µM. However, the article
states that the method has potential of having better sensitivity by testing more variants
with different dyes placed at a wider range of position on the aptamers. In addition to
this, the method does not need any prior immobilization or washing steps which makes
it faster and easier to use compared to many other detection methods.

7.1.2 Quantitative detection of ATP using a label-free aptamer-
based assay

Another example of a label-free detection method for the detection of ATP is a DNA
aptamer-based assay that uses [Ru(phen)2(dppz)]2+, a luminescent probe with a bound
ligand (Wang et al. 2005). The binding of the probe to the DNA aptamer protects the
phenazine nitrogen of the ligand from water in the surrounding solution. Which then
increases the intensity of its luminescence emissions. When ATP binds to the aptamer
the conformational change caused by the binding results in the exposure of the ligands
phenazine nitrogen to water and thereby causing a decrease in the luminescence. The
method has a high sensitivity with an estimated limit of detection at 20 nM.

7.1.3 A fluorescence-based detection method using carbon nan-
otubes as quenchers and dye-labeled aptamers for quanti-
tative detection of ATP

A third example of a fluorescent-based detection method for the detection of ATP is an
aptasensor coupled to carbon nanotubes (SWNTs); the SWNTs act as a quencher in this
sensor (Zhang et al. 2010). The aptasensor consists of a dye-labeled DNA aptamer in
complex with single-walled carbon nanotubes (SWNTs). The DNA aptamer is labeled
with 6-carboxy-fluorescein and forms a complex with SWNTs in solution. Without ATP
the dye is in close proximity to the SWNTs that quenches the fluorescence signal of
fluorescein, the signal is quenched to about 70% of the initial intensity. When ATP is
added it outcompetes the SWNTs and binds to the aptamer. This moves the fluorophore
away from the quencher causing an increase in fluorescence. The method has a high
sensitivity and selectivity, the limit of detection is estimated to be 4.5 nM and the aptamer
does not seem to interact with either GTP, CTP or UTP.

7.1.4 Split-aptamer fluorescence-based aptasensor for quantita-
tive detection of cocaine and rATP

A different approach is to use split-aptamers in fluorescent-based aptasensors. One exam-
ple is Stojanovic et al. (2000) heterodimeric DNA aptamer for the detection of cocaine.
They split the aptamer at the predicted site of a loop structure to create two aptamer
subunits and labeled one of them with a 5’-6-carboxy-fluorescein fluorophore and the
other with a 3‘-dabcyl quencher. The method is based on the reassembly of the two sub-
units upon binding to the target and thereby bringing the quencher and the fluorophore
in close proximity to each other enabling the quencher to quench the fluorescence signal.
The limit of detection for cocaine was approximated to be 10 µM and the fluorescence
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signal was quenched to 65% of its initial intensity. They also used a similar approach to
design a split-aptamer for the detection of rATP and were able to detect rATP concen-
trations down to 8 µM with a fluorescence quenched to 40% of the initial intensity.

7.1.5 Molecular beacons - nucleic acid fluorescent reporters

Molecular beacons (MBs) are usually nucleic acids designed to form stem-loop structures
with a quencher in one end and a fluorophore in the other end of the nucleic acid strand,
see Figure 10 (Tyagi & Kramer 1996). In the stem-loop conformation the quencher and
fluorophore are close to each other and the quencher can effectively quench the fluores-
cence from the fluorophore. However, upon hybridization with another, complementary
nucleic acid strand the MB changes its conformation from the stem-loop structure to an
open state. This causes the fluorophore and quencher to be separated from each other
which results in a change in fluorescence intensity that can be measured. Molecular Bea-
cons can come in different variations, they can for example have fluorophores at both ends
instead of a fluorophore and a quencher or require two MBs to bind one target (Nutiu et
al. 2013).

Figure 10: A typical molecular beacon (MB) with a fluorophore (green) and a quencher
(black) in each end of the nucleic acid strand of the MB. The fluorophore and quencher
are separated from each other upon hybridization with the target nucleic acid. (Modified
from Nutiu et al. (2013). Created with BioRender.com)

Figure 11: The aptamer is hybridized to the complemen-
tary short ssDNA and the molecular beacon (MB) is in a
stem-loop conformation before the addition of the target.
At this stage the quencher quenches the fluorescence from
the fluorophore. After the addition of ATP the aptamer
binds to the target instead of the ssDNA and the MB
binds the ssDNA instead resulting in a fluorescent signal.
(Created with BioRender.com).

Zeng et al. (2012) used
molecular beacons for the de-
tection of ATP. The general
principle behind this method
is that before the addition
of the target a DNA ap-
tamer will bind to a comple-
mentary short ssDNA while
a molecular beacon (MB)
will be hybridized to itself
to form a stem-loop struc-
ture. When the MB is in
its stem-loop structure the
fluorophore (TAMRA) and
the quencher (DABCYL) at
each end of the MB will be
close together, and the flu-
orescence of the fluorophore
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will be quenched. However, when ATP is added it will outcompete the ssDNA and
bind to the aptamer. The ssDNA, which is also complementary to the MB, will hybridize
to the MB instead and thereby interrupt its stem-loop structure. This will cause an
increase in fluorescence intensity due to the fact that the quencher and the fluorophore
are now moved away from each other, see Figure 11. The method is highly sensitive with
a detection limit approximated to 0.1 nM.

7.1.6 Competitive aptasensor for quantitative detection of lysozyme

Lastly, an example of a MB-based aptasensor for the detection of lysozyme (Huang et
al. 2010). The aptasensor is based on a DNA aptamer hybridized to a ssDNA labeled
with pyrene molecules (fluorescent dye) on each end of the strand. When the target is
not present the ssDNA, partially complementary to the aptamer, hybridizes with the
aptamer separating the fluorophores at each end of the strand. In the presence of the
target however, the aptamer instead binds the lysozyme which outcompetes the partially
complementary ssDNA. This causes the ssDNA to form into a hairpin loop which brings
the pyrene labeled ends of the DNA strand close to each other resulting in a change in the
fluorescence emission, by the formation of an pyrene excimer. The emission wavelength
changes from 400 nm to 495 nm. The detection limit of lysozyme was estimated to be
as low as 200 pM and the method also proved to be highly selective for lysozyme, there
was no detection of similar proteins such as thrombin or IgG. In addition the detection
was effective in both buffer and biological samples and the target sample does not need
to be purified before use. This makes it more effective compared to immunoassays since
no extra separation or washing steps are necessary.

7.1.7 Enzyme Linked Apta-Sorbent Assay (ELASA) for the de-
tection of hepatitis C virus

Another fluorescent/luminescent signaling strategy is to use an enzyme attached to an
aptamer as a reporter. When the aptamer binds to a target the enzyme catalyzes a
reaction that produces a fluorescent/luminescent signal. Park et al. (2013) designed
an Enzyme Linked Apta-Sorbent Assay (ELASA) for the detection of hepatitis C virus
(HCV) particles. In this assay two aptamers bind to the target, at two different epitopes
of the HCV E2 protein on the virus particle. One aptamer, the capture element, is
immobilized on a surface. The other aptamer is biotinylated and acts as a reporter by
binding to a streptavidin horseradish peroxidase complex (HRP). The HRP catalyzes a
reaction with an added substrate which produces a chemiluminescent signal. The signal
will be proportional to the amount of target that has bound to both the aptamers. Since
the assay is washed after the addition of the reporter aptamers and target, the only thing
still in the assay are the aptamers bound to the target that produces a signal. The affinity
(Kd) of the aptamers was in the range of 0.8-4 nM.
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7.2 Optical detection strategies - measuring the optical
field

The types of detection methods that are classified as optical are the ones that detect a
change in the optical field when an interaction between a biomarker and a biorecognition
element occurs (Damborský et al. 2016). One could argue that biosensors that rely
on fluorescence are optical biosensors, due to their detection being based on changes
in light emission i.e. changes in the optical field. Due to the magnitude of different
detection strategies that utilize fluorescence, they have been given their own subsection.
Optical biosensors offer a great advantage in that they generally are label-free, and can
be analyzed in real-time (Damborský et al. 2016).

7.2.1 Surface-enhanced Raman scattering - Measuring vibrations
with light

The basic principle behind surface-enhanced Raman scattering (SERS) is that when
photons hit matter, they sometimes change their direction and intensity by scattering
inelastically (Wolverson 2008). The energy is transferred into vibrational energy into the
molecule, and thus every molecule inelastically reflects photons differently. This change in
photon energy is what is detected in the assay. When a molecule binds another molecule
it also reflects the photons differently and by detecting changes in this so called SERS
spectra it is possible to detect when a binding occurs.

Figure 12: Difference between cisplatin
and transplatin

For the aptamer-based SERS assays, two differ-
ent categories can be found. The core difference
is that one uses labeled molecules whilst the
other method is a label-free setup (Muhammad
& Huang 2021). In the label-free approach it
is the interaction between the aptamer and the
target molecule that changes the Raman inten-
sities, whilst in the Raman labeled SERS, ex-
ternal Raman sensitive molecules are attached
to the target, and it is those who are recognized
in the assay. The modifiability of aptamers al-
lows that the aptamer to intrinsically become
the Raman reporter in the assay. As an exam-
ple, adenine has been shown to be a good candidate as a reporter in thiolated ssDNA and
dsDNA-based SERS (Barhoumi et al. 2008). In the case of adenine as a reporter, it was
found that the adenine content, or the distance of the adenine from the thiol group did
not give a significant change in the intensity of the SERS spectra. By detecting changes in
the SERS spectra it is possible to detect and discriminate the interaction of the aptamer
with extremely small and similar molecules. In the aforementioned paper Barhoumi et
al. (2008) managed to differentiate DNAs interaction with cisplatin and with transplatin,
see Figure 12, which are two small and very similar molecules, demonstrating the high
selectivity of the method.
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7.2.2 Surface plasmon resonance - An instrument with high sen-
sitivity

Surface plasmon resonance (SPR) is an optical detection strategy which uses the physical
laws of refractive indices (Chang 2021). The SPR instrument consists of a light source,
a chip, a prism, and a detector. The chip is used to bind the sample and is made of a
gold surface where the aptamer can bind. When the light goes through the prism and
reaches the outer layer of the chip, so called surface plasmon happens (Damborský et al.
2016). Surface plasmon occurs due to electrons’ oscillations and will lead to an emission
of reflected light. The refractive index of the surface depends on the mass of the bound
complex. So when the target molecule binds to the surface-bounded aptamer, increasing
the complex’s mass, the refractive index will change. The change in refraction index will
lead to a change in the angle of the reflected light. The reflection’s shift is proportional
to the change in mass of the complex, so with a detector, the displacement in the angle
can be measured in real-time.

An advantage of SPR is the reusability of the chip, which Wu et al. used in their study
2018. They used a direct SPR assay to measure the toxic metabolite aflatoxin B1 and
B2 (AFB). Aptamers with high affinity for AFB were selected and immobilized to the
chip’s surface. When the analyte AFB was introduced to the chip it would bind to the
aptamer and then dissociate back to the buffer. Utilizing this, the chip can be washed
and used again without losing sensitivity.

Another study that reused the chip was the Kim et al. (2018) study where they designed
an aptamer-aptamer nanorod sandwich assay to detect norovirus (NoV). Nanorods are
a type of rod-shaped nanomaterial with the ability to enhance the SPR signal for better
sensitivity. This was done by coating the gold chip’s surface with an aptamer that had
a high affinity to a binding site of the noroviruses. The second aptamer, having a high
affinity for another binding site, was bound to the gold nanorod. When NoV was present
both aptamers trapped the analyte in a sandwich format and emitted a signal. The
nanorod amplified the SPR signal and thus gave a greater sensitivity. A concentration as
low as 70 aM could be detected which is 105 times better than when no nanorods were
used.

7.2.3 Lateral flow assay - Just a piece of paper

With lateral flow assays (LFA) specific and sensitive detection can be done in a short
amount of time (Xu et al. 2009). The detection is done by using a paper strip with
different zones. These zones are the sample pad, the conjugate pad, the nitrocellulose
membrane (detection zone), and the absorption pad (Huang et al. 2021), see Figure 13.
The detection zone has two lines that will appear if the target analyte is present in the
sample and the intensity of the lines will show the concentration.
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Figure 13: A schematic description of a lateral flow assay. It consists of four zones: sample
pad, conjugate pad, nitrocellulose membrane and absorption pad. If the target molecule
is present two lines will occur (positive result) otherwise only the control line will show
(negative result). (Modified from (Xu et al. 2009). Created with BioRender.com)

The strip begins with the sample pad zone and in this zone, the sample is loaded (Huang
et al. 2021). The second zone, the conjugate pad, is where the aptamer or another
biorecognition molecule is loaded onto the strip. When the sample is loaded, it will start
to migrate up along the strip due to capillary forces. As soon as the sample reaches the
second zone the aptamer will bind to the present target molecules. Everything will then
keep on moving to the third zone, the nitrocellulose membrane. This membrane controls
the flow rate of the sample. On the membrane, molecules are immobilized in two lines.
The first line is a test line, which will immobilize the target complex, and the second line
is a control line, which will immobilize the control molecule. The control line is used to
see that the assay works properly. After the sample has migrated over the membrane,
it will reach the last zone, the absorbent pad. The purpose of the absorbent pad is to
absorb the excess of the sample so that it does not migrate back along the strip.

In LFA biosensors, sandwich and competitive methods are commonly used. Both Xu
et al. (2009) and Li et al. (2018) used a pair of aptamers in a sandwich format to detect
their target analytes. This was done by adding one aptamer to the conjugate pad and
immobilizing the other one at the test line. When the target analyte was present the
aptamer-target complex would be immobilized on the test line and form a colored line.
If the target was absent only the control line would be visible.

Both studies used gold nanoparticles (AuNPs) as a label, which is common due to its
characteristic red color and simplicity of visual detection. By scanning the strip with
the naked eye, one could see whether the analyte was present or not. However, in order
to tell the concentration a more sophisticated intensity measurement was needed than
a visual approximation. Xu et al. (2009) used a small instrument called a strip reader
and got a detection limit of 2.5 nM for their sandwich assay. The assay took 10 minutes
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to complete. Another study had a different approach to measuring the intensity (Jin et
al. 2018). They designed a smartphone-based portable reader, which could make on-site
detections of the target analyte. The assay took around 30 minutes to perform and got
a detection limit of 2 ng/mL.

LFA is a user-friendly tool that does not require an educated laboratory technician in
order to be used. The biosensor is also a low-cost method with, as mentioned before, a
very short runtime of the assay (Xu et al. 2009). The strategy also seems promising for
multiplexed detections where multiple targets can be analyzed simultaneously. In their
study, Jin et al. (2018) produced an LFA that could detect three different targets at
the same time. This by using different analyte-recognition reactions and different col-
ors for the lines. To get different colors they used nanoparticles with fluorescence that
emitted distinct wavelengths. In the presence of the target, the intensity of the color
would decrease due to no immobilization on the test lines. The experiment also showed
high selectivity when similar molecules to the target were introduced, this was due to the
specificity of the aptamers.

7.2.4 Colorimetric - A change in color

Colorimetric is a simple and low-cost way to measure the concentration of an analyte in a
sample by examining a change in color (Nguyen & Jang 2021). This is archived by using
a probe with the ability to alternate between colors. One common probe for this is gold
nanoparticles (AuNPs), due to their ability to change color when they are aggregated
compared to when they are dispersed in a solution. AuNPs will aggregate in high salt
concentration and get a blue color, while dispersed AuNPs have a red color, see Figure
14. This ability is used in the design of colorimetric assays.

Figure 14: Shows the color proper-
ties of AuNPs. (Created with BioRen-
der.com)

One way to design colorimetric assays is by us-
ing aptamers that will bind to the AuNPs as
a way to keep them separated (Nguyen & Jang
2021). In the presence of the target, the aptamer
will undergo conformational changes, which will
open up opportunities for the AuNPs to accu-
mulate. The color will then change from red
to blue. Nguyen & Jang (2021) did this in
their study where they designed a biosensor that
could measure the concentration of the neuro-
toxin anatoxin-a (ATX-a). The aptamer they
used had high specificity for ATX-a and was
adsorbed on the surface of the AuNPs. The
single-stranded aptamers increased the electro-
static repulsion between the nanoparticles and
kept them separated from one another. When
ATX-a was present, it bound to the aptamer and changed its conformation, leading to
fewer absorbed aptamers on the AuNPs’ surface. In the experiment, a high salt con-
centration was used in order for the AuNPs to accumulate spontaneously. Due to lesser
repulsion between the nanoparticles, no aptamers on the surface, the AuNPs accumu-
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lated which changed the solution’s color to blue. The change in color was detected by a
UV/Vis spectrophotometer and gave the limit of detection of 4.45 pM.

A similar approach can be done but in the opposite direction. Instead of going from
red to blue, it will go from blue to red. This can be done by using an aggregation agent
that will induce the gathering of nanoparticles (Mao et al. 2017, Sang et al. 2019). One
commonly used agent is poly diallyl-dimethylammonium-chloride (PDDA) (Sang et al.
2019). The PDDA is bound to the gold nanoparticles and will bundle the nanoparticles
together in the absence of the target molecule, giving the solution a blue color. However,
if the targets are present they will bind to the aptamers and change their conformation.
The complex can then bind to the PDDA and prevent it from bundling the nanoparticles
together, thus keeping the nanoparticles apart and the solution red. A study that mea-
sured the concentration of the energy molecule ATP with this type of assay got a limit
of detection of 1.7 nM (Sang et al. 2019).

7.3 Electrochemical aptamer-based methods

Electrochemical sensors use an electrode as a transduction part (Razmi et al. 2018) and
these can be aptamer-based. In this case, the aptamers are immobilized on the sensor
and when the target molecule interacts with the aptamers it can be measured as an out-
put signal. Electrochemical biosensors can be classified as voltammetric, amperometric,
surface charged (using Field-Effect Transistors (FETs)) or impedance-based.

Voltammetric biosensors are good because of the low related noise observed in these sen-
sors, providing reliable and reproducible data for the quantification of a target molecule,
which can endow the biosensor with higher sensitivity and specificity (Meirinho et al.
2016). The most frequently used voltammetric aptasensors are those based on cyclic
voltammetry (CV), square-wave voltammetry (SWV), and differential pulse voltamme-
try (DPV).

7.3.1 Aptamer-based assay for monitoring genetic disorder
phenylketonuria (PKU)

Hasanzadeh et al. (2018) have with an aptamer-based assay made it possible to diag-
nose the metabolic disorder phenylketonuria by analyzing the presence of L-phenylalanine
in human serum. In more detail, it is managed by constructing an ultrasensitive elec-
trochemical biosensor, utilizing immobilized aptamers specific for L-phenylalanine. The
biosensor is built from a gold (Au) disc electrode (Hasanzadeh et al. 2018). The Au
electrode is prepared and coated with gold nanospheres(Au NSs) film and an RNA (can
be DNA) aptamer (Apt) is immobilized on the Au NS/Au electrode. The final electrode
(Apt/Au NSs/Au) is then immersed with mercaptoethanol (MCH) to avoid the nonspe-
cific binding of the analyte. Finally, the analyte is added and the assay is scanned. The
method requires no signal or amplification strategy. When tested for cross-reactivity (us-
ing DPV) it was indicated that the method has high specificity. When tested for stability
the electrode offered excellent stability. 94.11% of the signal was retained after one week
in 4 degrees celsius storage.
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7.3.2 Piezoelectric - A crystal clear method

Piezoelectric effect is the phenomenon that an electrical current is generated when certain
crystals are compressed. There is also an inverse piezoelectric effect that occurs when
a current is run through such a crystal, the crystal then starts to resonate (Tombelli et
al. 2009). In an aptamer-based piezoelectric assay, aptamers are immobilized onto the
surface of a quartz crystal and they capture the target molecule. This adds mass to
the surface of the crystal upon binding the target. A current is run through the crystal
which induces a vibration at a specific frequency. This frequency changes as more mass
is added to the surface of the crystal. The frequency shift is therefore related to the
number of molecules that bind to the aptamers (Tombelli et al. 2009). The Sauerbrey
equation describes the relationship between the mass and the frequency under certain
assumptions. The first assumption is that the mass that is added or removed from the
crystal surface does not get deformed during the oscillation. The second assumption is
that the distribution of the mass is uniform on the entire electrode portion of the crystal.
The target concentration can therefore easily be calculated based on the frequency shift,
as long as these assumptions hold.

Quartz crystals cut at a specific angle of + 35o15’ are often used in biosensors. They are
used since they have a minimal change in frequency due to temperature and the shift
can thereby only be related to the concentration target. This is due to the fact that they
have a zero frequency temperature coefficient near room temperature.

One attribute that makes piezoelectric a good choice is the low amount of power it
requires (Tombelli et al. 2009). The crystals that are being used are also small and have
a high sensitivity. The construction of this method is simple and it is easy to operate.
This makes the method user-friendly. It is also possible to detect the mass loading in
real-time (Neves et al. 2015).

7.4 Amplifying the signal using polymerase

Nucleic acid aptamers can easily be amplified using DNA- or RNA-polymerase. This
has been utilized in aptamer-based sensors as a signal amplification step to increase the
sensitivity of both electrochemical and fluorescence-based assays. Common techniques
include apta-qPCR and rolling circle amplification (RCA).

7.4.1 Rolling circle amplification

Rolling circle amplification is an isothermal process that generates a long repeated DNA
strand by utilizing a circular template, see Figure 14 (Ali et al. 2014). This requires a
primer that is complementary to the circular template.
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Figure 15: Illustration of Rolling circle amplification (Created with BioRender.com).

Protein detection using rolling circle amplification

Guo et al. (2016) used a sandwich with an antibody as capture and an aptamer-primer
oligonucleotide as detection molecule to detect a protein target. They used rolling circle
amplification to amplify the primer sequence attached to the aptamer. The circular
template was complementary to a thrombin aptamer. This meant that RCA yielded a
long DNA strand that folded into multiple aptamers, like knots on a string. Each of these
aptamers could independently capture thrombin molecules in a way that does not inhibit
its enzymatic ability. This enzymatic ability makes it able to cleave a substrate into a
product that can be detected by fluorescence analysis. This was then used to measure
the presence of the target molecule. The detection limit was measured to be 3.1 pM.

Amplification of signal using a DNAzyme circular template

A similar method was used by Santovito et al. (2020) to detect the mycotoxin ochratoxin
A (OTA). They used a sandwich-assay consisting of an aptamer pair with the capture
aptamer bound to magnetic microbeads. The detection aptamer was conjugated to a
primer that was complementary to a circular template. The transcribed repeated strand
contained sequences that formed a DNAzyme in the presence of hemin, similarly to the
aforementioned electrochemical assay. This DNAzyme could then catalyze a reaction with
a product that could be measured via absorbance. The authors claim an unreasonably
low LOD of 1.03 x 10-12 ng/ml.

Rolling circle amplification in an electrochemical sensor

Rolling circle amplification can also be used in other types of sensors. Huang et al.
(2013) used RCA to amplify the signal in an electrochemical aptasensor for the detection
of OTA. The constructed sensor uses a turn-off strategy. An aptamer is bound to a
circular template via base pairing. The aptamer will dissociate from the template when
OTA is added and form a complex. The aptamers that are still bound to the circular
template will act as a primer and mediate amplification of the circular template using
RCA. Any dissociated aptamers will decrease the signal compared to a known baseline.
The strands that are created using RCA are moved to the electrochemical sensor and
captured onto a plate electrode. The captured DNA-strands are then allowed to bind to
a redox reporter which generates an electrochemical signal. The increased length of the
captured DNA means that more molecules can bind to it which amplifies the signal. The
authors report a limit of detection of 0.065 pg/ml (about 160 fM).
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7.4.2 In Apta-qPCR the aptamer is quantified using PCR

Probably the most common method of amplifying DNA in vitro is PCR, which is used
in so called apta-qPCR. PCR requires thermocycling unlike RCA which can make the
process more complicated. Modh et al. used apta-qPCR to detect OTA (2017a) and
ATP (2017b) in two different papers. They captured aptamers onto magnetic beads
using bound capture oligos. Aptamers that bind the analyte will dissociate from the
beads, and can therefore be separated. The amount of aptamer in the supernatant is
then measured using qPCR. They explain that the assay has a wide detection range with
an LOD at 9 pg/ml (about 20 pM) for OTA in optimal conditions. The LOD for the
ATP-assay was, however, only 13 nM. The difference in sensitivity may partly be due to
the affinity of the aptamers for their targets. The OTA aptamer was selected by Cruz-
Aguado & Penner (2008) and it has a Kd of 50 nM. The ATP aptamer was one of the
earliest discovered aptamers and it has a 100-fold lower affinity than the OTA aptamer
with a Kd at 6 µM (Huizenga & Szostak 1995). The ATP aptamer has two binding sites,
rather than one. Using a one-site aptamer has been shown to increase the sensitivity
compared to a two-site assay (Zhang & Liu 2018).

7.5 Nanoparticles

Nanoparticles are materials with at least one dimension in the range of 1–100 nanometers
(Chawla 2016). These small particles are used in several types of aptamer-based assays,
where they can act as surfaces to immobilize aptamers on, or used for the specific chem-
ical properties of the particle to get signals in the assay (Herr et al. 2006). One such
chemical property that is used in several assays is the ability for some nanoparticles to
quench some fluorescent signals (Lv et al. 2018).

There are several different types of nanoparticles, and these have different properties that
can be used for different purposes in aptamer-based methods. There are also methods
that use more than one nanoparticle (Herr et al. 2006, Smith et al. 2007, Liu et al. 2007).
The simultaneous use of two aptamer-modified nanoparticles for targeted cell collection
and detection achieves rapid and accurate analysis of target cells that would not be possi-
ble by either particle alone. Otto S. Wolfbeis’s overview of nanoparticles commonly used
in fluorescent bioimaging from 2015, gives insight into some nanoparticles’ properties and
what is important to take into account when choosing which nanoparticle to use for which
application. Nanoparticle categories that he brings up are dye-doped silica nanoparti-
cles, dye-doped porous silicas, dye-doped organic polymer dots, semiconducting organic
polymer dots, carbon dots, quantum dots with metal ions, upconversion nanoparticles
(UCNPs) and gold nanoparticle clusters. All these categories of nanoparticles have differ-
ent properties and are therefore suitable in different applications and situations. There is
no category that is best suitable for everything. For example, the categories have different
sizes, brightness, wavelength, stability, and toxicity. When building a chemical sensor it
is important for it to be selective and preferably hardly affected by temperature. When
building a sensor for imaging biosystems it is also important that it is nontoxic and if
needed also capable of penetrating cell membranes. It is also preferred if the brightness
is high and in the case of biomatter also in the optical spectral window (600 nm to 900
nm).
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7.5.1 Fluorescent nanoparticles in aptamer-based methods

Nanoparticles can be a means of detection in fluorescent aptamer-based methods (Herr
et al. 2006, Smith et al. 2007). Fluorescent nanoparticles can be divided into three cate-
gories, semiconductor, metal, and insulator (Chawla 2016). Compared to fluorescent dye
and single fluorescent label methods, the fluorescent nanoparticles provide an enhanced
signal and compatibility for the immobilization of biomolecules (Herr et al. 2006, Smith
et al. 2007). By using multiple fluorescent nanoparticles with different colors it is possible
to screen for multiple targets within a sample (Smith et al. 2007).

7.5.2 Semiconducting nanoparticles

Semiconducting quantum dots are absorbent and fluorescent in different wavelengths de-
pending on their size (Chawla 2016). A smaller particle-size gives bluer light (shorter
wavelength), and a bigger particle-size gives redder light (longer wavelength). Semi-
conducting nanoparticles absorb energy in a large spectrum but emit light in a small
spectrum. These have also a cut-off, meaning they do not absorb small energies. This is
because they need minimum energy to excite one electron to the first excitation state.

7.5.3 Metal nanoparticles

Metal nanoparticles, for example gold nanoparticles, emit light in the visible region
(Chawla 2016). Gold nanoparticles can be used as a marker for hybridization, which
is useful when searching for the presence and amount of nucleic acid (Ma et al. 2018,
Chauhan et al. 2021). Gold nanoparticles (AuNPs) are widely used in the construction of
visual sensing strategies due to their high stability and easy functionality. For example,
Chauhan et al.’s study from 2021 shows that gold nanoparticles can give calorimetric and
spectroscopic signals. These can be made by linking gold and thiolated oligonucleotides.
These thiolated oligonucleotides can be modified with something else in the other end,
and therefore also carry another additional property. For example, the other end can be
modified with biotin that can bind to streptavidin in a lateral flow assay. Regardless, of
whether these gold nanoparticles can be hybridized or not. The gold nanoparticle gives a
spectroscopic signal in the form of blueshift when hybridized. This signal is not affected
by human DNA. The blueshift when a gold nanoparticle is bound to an aptamer is due to
morphological changes, the aptamer makes branches on the otherwise spherical surface
of the nanoparticle (Soh et al. 2015).

With the UCNPs a competitive aptamer assay can be created in order to detect more
than one target molecule in one single assay. This can be done by using UCNPs. The
UCNPs are modified by having immobilized aptamers on their surface, one aptamer for
each target molecule. Depending on what aptamer interacts with its predetermined tar-
get, the nanoparticles will send out photons of different wavelengths. The wavelength
of the emitted photon is different depending on which aptamer on its surface interacted
with a target. The concentration and presence of a target can be seen by measuring the
color intensity of the test. Antibodies that are specific to the target can be used as a
control to verify that the aptamers bind correctly (Prante et al. 2019).
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7.5.4 Rare Earth-Doped insulators and UCNPs

Nanoparticles made with rare-earth ions can have different colors depending on the ion
(Chawla 2016). Chawla claims that rare earth-doped nanophosphors are a tool for a new
promising class of fluorescent bioprobes. This is based on their low toxicity, resistance to
photobleaching, and better chemical stability.

Upconversion nanoparticles (UCNPs) are collective names of nanosize particles that can
convert near-infrared (NIR) light to visible light (Mader et al. 2010). This is possible
due to a sequential multiphoton NIR absorption and subsequent emission of light with
a smaller wavelength. This is useful in biological applications, because a problem when
working with biological matter can be that it is autofluorescent of visible light. Normal
fluorescent particles’ emissions will therefore be mixed up with the biological matter and
stray light. You can avoid this by using UCNPs and a laser with NIR. UCNPs have close
to zero autofluorescence of the matter and analyze a different wavelength free from stray
light. UCNPs have a rather narrow emission band and absence of blinking effects, which
allows more exact reads and results in assays. UCNPs also have high chemical stability
and lack of bleaching, as examples of more advantageous features.

7.5.5 Magnetic nanoparticle-based sorting

Magnetic nanoparticle-based sorting can be used when selectively extracting targets, for
example, malignant cells (Herr et al. 2006, Smith et al. 2007). Magnetic nanoparticle-
based sorting also removes the need for centrifugation and pre-sample cleanup. This is
useful when you want to keep the cells intact. Magnetic nanoparticle-based sorting can
also be one of several different nanoparticles used in a detection strategy like Herr et al.
(2006) and Smith et al. (2007) have done.

7.5.6 Nanoparticles in aptamer-based electrochemical assays

Nanoparticles can also be used in electrochemical assays (Hansen et al. 2006, Liu et al.
2007, Giamberardino et al. 2013, Hasanzadeh et al. 2018). Electrodes coated with gold
nanoparticles can be for example used to bind thiolated aptamers, which also change
electrochemical properties that can result in measurable changes in voltage and current.
These nanoparticle-based electrochemical assays can achieve rapid and high sensitivity
detection of target molecules. The high sensitivity can be useful in e.g. diagnostics. See
the example from Hasanzadeh et al. 2018 under 7.3.1.
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8. Comparisons and discussion

Antibodies are the gold standard molecular recognition elements and a cornerstone of
molecular biology (Trier et al. 2019). Aptamers are inevitably compared to them as
they seek to replace antibodies or take their place where antibodies fall short. Here
we compare advantages and disadvantages of aptamers to antibodies and compare the
different detection strategies that have been covered by this report.

8.1 Comparing the production of antibodies and
aptamers

The production of aptamers and antibodies is widely different. In short, aptamers are
always synthetically produced, whilst antibodies need either a living animal or cell cul-
tures to be produced. Hence, antibodies are limited to immunogenic targets because it
is animal’s B-cells that produce them, and they need substances that cause an immune
response to start the production. Aptamers on the other hand are produced in vitro via
SELEX, and could in theory, be selected to bind any target (Bunka & Stockley 2006).

Another advantage of using aptamers instead of antibodies is that the structure of an
aptamer can be stored indefinitely in a database, or on a piece of paper. This makes
aptamers much cheaper to produce compared to antibodies where the antibody produc-
ing cells needs to be preserved in order to be stored (Baird 2010). The production in
cells can also result in higher batch to batch variations between the antibody batches.
This is not an issue with aptamers since they are synthetically produced from a known
structure. In addition, due to aptamers being produced synthetically they can easily
and precisely be chemically modified, something that is not as easily done with antibod-
ies. These modifications can increase the stability of the aptamer, increase its affinity for
a specific target or assist in the addition of reporter groups, for example fluorescent labels.

A third advantage of using aptamers is that they have the ability to denature and rena-
ture repeatedly. Which, makes it possible to reuse an aptamer in an assay, something
that is not possible to do with antibodies (Jayasena 1999).

One downside with aptamers that stem from the relative youth of the field of aptamer
research compared to the field of antibodies is that there only exist aptamers for a lim-
ited number of targets, something that is not an issue with antibodies (Thiviyanathan
& Gorenstein 2012). Therefore you will most likely have to design a completely new
aptamer if you are going to develop a new assay, which entails an additional cost of time
and money. Further discussions of this can be found under the ethical discussion in the
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appendix.

8.2 Target-aptamer interactions

Both RNA and DNA aptamers have successfully been selected to bind a variety of targets
with high affinity, everything from entire cells to metal ions, but mostly proteins and
small molecules. Aptamers interact with their targets through a combination of hydrogen
bonding, π-π stacking interaction, electrostatic interactions and hydrophobic interactions
(McKeague 2015). In addition, ionic interactions between positively charged protein side-
chains and the negatively charged phosphates of the nucleic acid backbone are critical
for protein-nucleic acid interactions (Yu et al. 2020). Because of the negatively charged
nature of nucleic acids, aptamers struggle with negatively charged or hydrophobic targets.
It is however possible to overcome this by modifying the aptamers with hydrophobic
ligands (Rohloff et al. 2014) or potentially by adding positively charged metal ions
(Hianik et al. 2007, Xu et al. 2022). McKeague (2015) suggests that there is no significant
difference in binding affinity between DNA or RNA aptamers. Hence, the 2’OH group
that makes up the difference between these two types of aptamers does not seem to make
a significant difference in terms of binding affinity, but it does make RNA aptamers less
stable. However, it could potentially increase the flexibility of the aptamer by creating
more binding options. The binding affinity (Kd) of aptamers range between pico- to
micromolars but it is mostly somewhere in the nanomolar range, especially for protein
targets.

8.3 Aptamers vs antibodies and small molecules

Antibodies are large proteins, and a typical IgG antibody is about 150kDa (Edelman et
al. 1969). Aptamers on the other hand can be made much smaller. Both heavier and
lighter aptamers exist and in the end the molecular weight is determined when designing
the aptamers by varying the length of the oligonucleotide.The relatively large size of an-
tibodies can hinder them from binding to certain targets where the epitope of the target
becomes inaccessible to the antibody due to steric hindrance (Labrijin et al. 2003). Dey
et al. (2005) suggest that the smaller size of aptamers gives them an advantage over
antibodies by making them accessible to epitopes that are inaccessible to antibodies due
to steric hindrance.

Aptamers seem to be able to outperform antibodies, at least for some small molecules. An
example of this is the detection of OTA. Many different aptamer-based assays have been
designed for the detection of OTA. These assays are often highly sensitive, many have
limits of detection of single pg/ml, some even lower. The best available ELISA-assays
seem to have limits of detection of around 0.1 ng/ml (Ha 2015, mybiosource.com). The
OTA aptamer is also better at distinguishing between OTA and similar molecules (Cho
et al. 2005), which should lead to more specific assays.
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8.4 Detection methods

Comparing the different detection strategies fluorescence-based assays seem to be the
most straightforward and most accessible signaling methods. This, because it does not
require special equipment in order to be used compared to SERS, SPR and electrochemical
methods. In addition, it is easy to ligate aptamers to fluorescent probes or intercalate
fluorescent dyes between the bases of the aptamer. It is also an easy transition from
common ELISA which also uses fluorescence. The equipment used to analyze results from
ELISA can probably be adapted to analyze results from aptamer-based fluorescent assays
and the fluorescence-based methods seem to achieve highly sensitive detection. However,
if fast results are essential, LFA or colorimetric could be an interesting approach. With
aptamers, these methods seem to have relatively high sensitivity and low costs but do not
appear to be as precise as fluorescence-based methods because of higher signal-to-noise
ratio.

8.5 Summary

Aptamers are a promising tool in multiple detection strategies. Aptamers are highly
customizable and can be made and modified to specifically bind with high affinity to
a target molecule. There are many possible target molecules for aptamer-based assays.
Aptamers can be modified to either increase their stability or to increase their affinity for
more difficult targets. The modifications can, for example, include modified nucleotides
or modifications of the backbone. There are existing immunosorbent-based assays that
can be rebuilt to use aptamers instead, enabling the detection of smaller molecules.
But aptamers also open up many new avenues that can be explored. Such as the use
of molecular beacons or signal amplification using RCA or PCR. Fluorescent aptamer-
based detection strategies seem to be promising for analytic applications with common
lab equipment. Aptamer-based assays seem to be sustainable in the long run, both from
an economical and ethical perspective.
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12. Appendix

Ethical discussion

Aptamers or antibodies, that is the question -
Ethical comparison of the production, and consequences
of use

As a result of their similar usage in biosensor-assays, aptamers and antibodies will rival
each other, and comparisons between the two are inevitable. When comparing them it
is important to not forget to take ethical considerations between the two into account.
These considerations are especially relevant to make if one is contemplating switching
from an antibody-based assay, to an aptamer based one, or the other way around. In this
ethical part, comparisons of the speed and cost of development, ethical ramifications of
the production, and some speculative long-term consequences will be brought up.

Deeper analysis of pros and cons with antibodies and aptamers,
and the ethical ramifications of choosing a method

Because of how widely different the production of aptamers and antibodies are, the com-
parisons will be made in broad strokes. It is almost impossible to compare details because
with such different methods, comparisons will have to be of the overarching properties
production of the two, instead of between specific steps.

Aptamers can be both faster and cheaper than antibodies

It is important to consider the time and cost between the two methods, and in short, ap-
tamers outperform antibodies in most cases (Jones 2019). For example, it takes between
3-5 months to synthesize, select, and sequence a new aptamer. This can be compared with
an antibody, where the production of a completely new one takes around 6-9 months.
The production cost of aptamers is also generally much lower compared to antibodies
(Lakhin et al. 2013).

The ethical impact of choosing one over the other, considering the above stated facts, is
that an aptamer based assay will be faster to produce, and probably cost less too. The
quicker the assay could hit the market, the more people could get help faster. Instead
of having to wait the extra months that an antibody based assay would take to develop,
the human suffering could be minimized by diagnosing illnesses or other ailments with
the more quickly developed aptamer assay.
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The lower cost of aptamer production would also mean that the price of aptamer-based
assays would be lower. This in turn leads to a product that is available to a larger portion
of people. As a result, a person’s socioeconomic status would have less of an impact on
the ability to purchase a product that has been produced using this technology. This
would not only be beneficial for individual people, but cheaper assays would also open
up the field for researchers around the globe. not only to the research groups in richer
countries. By making the product more affordable, the global gap in the scientific field
between richer and poorer countries has the potential to shrink. Hopefully, this leads to
less global inequality by making sure the tools for potential scientific progress are not
locked behind high-cost goods that only the richest countries can afford.

Seniority of antibodies make them a safer bet than aptamers

One of the upsides with using antibodies over aptamers is that they have been in devel-
opment for a far longer time compared to aptamers (Edelman et al. 1969, Tuerk & Gold
1990). And even though aptamers seem to have a lot of advantageous properties, one
should keep in mind that the field is not as explored as antibodies. Antibodies have been
approved by FDA since 1986 while FDAs’ first approved therapeutic aptamer was in 2004
(Lu et al. 2020, Shigdar et al. 2021). This means that antibodies have had a longer time
to be properly understood. There is still a lot of uncertainty around how aptamers work,
and how they should be synthesized and designed for optimal performance (Chen et al.
2016, Qi et al. 2020).

And this is what gives antibodies one of its greatest advantages over aptamers, it is
better understood and has been under development for a longer time. Consequently, a
lot of time, money and effort has to be invested in the field of aptamers in order for it to
reach the same level of sophistication and understanding as antibodies. It is important
to reflect on if the resources, both time and money, that has to be spent in order to
develop the field of aptamers is worth it, and that the end product will justify everything
spent on it. Especially, because it is a new field, a return on invested resources is not
guaranteed. An important decision to make is to decide if it is better to invest in the new
field and hope that the end result nets more good than if the same amount of resources
were invested in something with less of a risk associated.

Another advantage of antibodies is that because they have been developed for so much
longer than aptamers, there exists a lot of already developed antibodies for specific tar-
gets. On the other hand, there do not exist nearly as many different aptamers, and in
order to use them in specific assays with a non-standard target (e.g. OTA or thrombin),
it is highly probable that one has to develop a new aptamer from scratch. Developing an
aptamer for a target where an antibody already exists is probably going to be a longer,
and costlier process than just using an already known antibody.

Synthetically produced aptamers do not require animals or cell-cultures

A big difference between aptamers and antibodies is in what system they are produced.
Aptamers are synthetically synthesized via a method called SELEX (Tuerk & Gold 1990),
whilst antibodies are produced in either the bloodstream of an animal (Hanly et al. 1995),
or in a cell culture (Li et al. 2010). Being synthetically produced gives aptamers a
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big ethical advantage, because it is not necessary to take ethical considerations around
production in animals or in cell-cultures into consideration.

Animal suffering as a result of blood tapping in polyclonal serum production

To produce polyclonal antibodies, it is not unusual to induce the production of these in
some type of animal (Hanly et al. 1995). Harvesting these is done by chronic bleeding of
the animal. The first step is to induce an immune response in the animal. This produces
antibodies that can be found in the bloodstream. To purify the antibodies the animal
is producing, blood needs to be harvested and centrifuged to get the serum. How much
blood is taken depends on what animal the antibody production is induced in. Generally
the amount lies around 10% of an animal’s body weight every other week.

When comparing this to what humans are allowed to donate, it is quickly seen that
the standards of what is deemed “appropriate” are very different. In Sweden, a human
can donate less than 10% of the total blood volume every 3-4 months (geblod.nu 2019).
It is important to note that for humans it is 10% of blood volume and for animals it is
10% of total body weight. The Swedish criteria is very close to the recommendations
of the world health organization (WHO.int), and can thus probably represent some type
of “global average”. Even though the total blood volume that gets tapped is higher for
an animal compared to a human, an animal is also bled up to eight times as often as a
human is allowed. Whether this causes animal stress is debated (Hanly et al. 1995), but
it is apparent that the standards that apply to humans are not even remotely close to
the standards for animals.

For good research practice, informed consent should be given by the participants if pos-
sible (Swedish research council 2017). In the example of blood donors, this is given by
informing people donating blood about the risks of doing it. But for animals it is not
possible to get informed consent, because communicating something like that is impossi-
ble.

This raises the question if it is ethically defensible to treat animals this way in order
to produce antibodies. It is arguable that as long as the process does not cause the
animal any stress or long-term damages, it would be defensible. The difficulty of this
conclusion is that it is very hard to measure the stress caused by chronic bleeding. And
if we cannot be sure about how it affects the animals, is it plausible to say that this is
an ethical way to treat animals. Especially considering that the treatment is of a very
different standard to what we do to humans.

The dilemma about not being able to get informed consent, and how much stress an
animal is subject to is circumvented by working with aptamers. Because they are syn-
thesized there is no one who needs to give their consent for them to be produced, and no
living being is subject to potential stress and pain during the production either.

Antibiotic usage in cell-culture production of monoclonal antibodies

Probably the most common cell type to use in monoclonal antibody production cell-
cultures is Chinese dwarf hamster ovary-cells (CHO-cells) (Li et al. 2010). To confirm
that only the cells that produce the correct antibodies are present in the culture, antibiotic
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markers can be used (Li et al. 2010). The problem with using antibiotics is that all uses
of antibiotics contribute to the “silent pandemic” that is the rise of antibiotic resistance.
To avoid any type of antibiotic usage in the production of components for an assay, it
might be ethically preferable to try to circumvent this issue by not using cell-cultures.
One alternative that would not use any type of antibiotics is aptamers. Because they are
synthesized in a lab and not in a cell-culture, there is no need to use any antibiotics in
the production of aptamers.

Speculative consequences of aptamer research

A potential consequence of aptamers being able to detect a wider range of targets than
antibodies, whilst also being cheaper and faster to produce, is that rapid at-home tests
might be produced for a multitude of “common” afflictions. If this will be the case there
is a risk for people to test themselves when having the slightest symptoms of an illness.
This can in turn lead to an hyperawareness of the slightest symptoms of illness, and a
compulsion to test yourself everyday. Constant testing might lead to unnecessary stress
over any kind of illness, and compulsive testing for “every” illness where a test has been
developed might be induced. Overuse of rapid at-home tests can lead to an unnecessary
waste of plastic and peoples’ mental health.

Conclusion

Even if aptamers are a much younger field compared to antibodies, we see that circum-
venting the ethical dilemmas with antibody production such as potential harm and stress
to animals, and the usage of antibiotics is a great advantage. On top of this, aptamers
seem to be both cheaper and faster to produce compared to antibodies. Both from scratch
and when ordered for an already known target. This can make limited resources such
as time and money, stretch longer, and net more good, both for human health and the
research community.

We see a potential in aptamers to dethrone antibodies as the gold standard in the future.
But this of course poses a risk in the resources spent, as the field is emerging and needs
more time to manifest and show its true potential. If this risk is worth taking is uncertain,
but if it pays off, we have a great opportunity to improve human health, together.
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