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Abstract: Aptamers, a group of nucleic acids which can specifically bind to a target molecule, have
drawn extensive interest over the past few decades. For analytics, aptamers represent a viable
alternative to gold-standard antibodies due to their oligonucleic nature combined with advantageous
properties, including higher stability in harsh environments and longer shelf-life. Indeed, over the
last decade, aptamers have been used in numerous bioanalytical assays and in various point-of-care
testing (POCT) platforms. The latter allows for rapid on-site testing and can be performed outside a
laboratory by unskilled labor. Aptamer technology for POCT is not limited just to medical diagnostics;
it can be used for a range of applications, including environmental monitoring and quality control.
In this review, we critically examine the use of aptamers in POCT with an emphasis on their
advantages and limitations. We also examine the recent success of aptasensor technology and how
these findings pave the way for the analysis of small molecules in POCT and other health-related
applications. Finally, the current major limitations of aptamers are discussed, and possible approaches
for overcoming these challenges are presented.
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1. Introduction

Aptamers, which are short nucleic acid sequences, were described in 1990 for the first time and
proposed to be a promising alternative to antibodies [1,2]. In the following years, aptamers were
extensively tested and established in a variety of applications. Yet, after all these years, only a handful
of aptamers are commercially used (and approved) in diagnostics and therapeutics. As for the latter,
the most prominent therapeutic aptamer is Macugen by Pfizer, which was approved by the FDA in
2004, for treating neovascular age-related macular degeneration (AMD) [3]. Additional anti-angiogenic
aptamers for AMD treatment (Zimura, Fovista and Pegnivacogin) are currently in advanced stages of
clinical trials [4,5], along with a few more aptamers for other renal diseases [6]. Aptamers are widely
developed and successfully applied for numerous diagnostic applications and yet their translation
into commercial use in general and point-of-care testing (POCT) is still in its infancy. In this review,
we provide a thorough overview on the potential of aptamers for flexible diagnostics. We highlight the
challenges in the use of aptamers for diagnostics in general and POCT applications. We chose to focus
on small-molecule health markers, as their detection by conventional antibody-based approaches can
be limited due to a couple of factors.
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2. Small Molecule Targets

Small molecules, which are characterized by a low molecular weight (<900 Daltons) are organic
compounds which may regulate biological processes [7]. There are naturally occurring low molecular
weight compounds such as food-contaminants. Many of these contaminants are produced by
filamentous fungi and exhibit a wide range of potential harmful effects on health. The most abundant
and critical mycotoxins for human health are aflatoxins (produced by the Aspergillus species), ochratoxins
(produced by Penicillium and Aspergillus species) and Fusarium toxins (produced by over 50 species
of Fusarium) [8,9]. Alongside these naturally occurring compounds, many small molecules are
anthropogenic. Among these are polychlorinated biphenyls (PCBs), which have been widely used
in industrial applications. In the 1980s, the use of PCBs was mostly banned in all countries, since
the compounds exhibit moderate toxic potential in animals and humans and cannot be degraded
naturally [10,11]. There are also small molecules which act as pesticides and are used in agriculture.
In this context the most prominent compound is Glyphosate which was extensively discussed in the
media over the past year due to its potential carcinogenic effects [12,13].

Many pharmaceuticals are defined as small molecules. For drug application this could be
extremely attractive, since small molecules can pass the blood–brain barrier due to their size [14–16].
Modern medicine is unimaginable without pharmaceuticals and they are used all around the world.
They are ubiquitous and can also be found in the environment as a pollutant through human excretion.
The most analyzed pharmaceuticals in the environment are antibiotics, followed by analgesics and
hormones. In 713 analyzed water samples originating from all around the world, 631 were found to
contain these pharmaceutical compounds [16]. Moreover, small molecules often play important roles
in regulatory pathways in the human body. Vitamins, hormones, messenger molecules and cofactors
are different groups of small molecules which regulate the metabolism.

The ever-growing interest in monitoring these compounds in the environment—as well as in
the human body—led to a rising interest in the development of a variety of sensors for the detection
of small molecules. Due to their ubiquitous nature and important functions, small-molecule targets
are of high interest and extensive research has been carried out in this area in the past years. In the
last ten years, 17,912 research articles dealing with small molecules were published (Web of Science,
keyword “small molecules”, 07/31/20). Commonly, small molecules are detected via chromatographic
techniques, such as high-pressure liquid chromatography (HPLC) and gas chromatography (GC).
However, these methods are often expensive, require trained technicians and are time consuming.
A promising alternative for detection and monitoring of small molecules is the use of biosensors.

3. Biosensors

Biosensors are bioanalytical devices containing a biological element (such as, cells, antibodies,
enzymes or oligonucleotides [17]) which selectively reacts/binds with the target of interest. The resulting
biological recognition events are converted into a measurable signal by the transducer. The first
use of a biosensor, reported by Clark and Lyons in 1962, was for the detection and quantitation of
glucose concentration in blood [18]. Glucose oxidase was immobilized on a semi-permeable membrane,
which encased an oxygen electrode, and a decrease in the measured oxygen concentration oxygen
concentration was directly correlated to the glucose concentration [18].

In general, there are four groups of transduction methods which are usually used in biosensors.

• Optical
• Piezoelectric
• Calorimetric
• Electrochemical

In optical transduction methods, recognition binding events are converted into measurable changes
in various optical properties, such as fluorescence, refractive index and diffraction. Piezoelectric
transducers are based on changes of the molecular weight upon target binding. Since enzyme catalyzed
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reactions are usually exothermic, these changes in heat can be monitored by calorimetric transducers.
Finally, electrochemical transducers, such as the mentioned Clarke-biosensor, induce changes of current,
impedance or ion concentrations [19].

4. Aptasensors

In 1990, three laboratories independently announced the establishment of a new in vitro selection
method for nucleic acid sequences which bind their target in a highly selective manner. This technique,
termed as SELEX (systematic evolution of ligands by exponential enrichment), resulted in the discovery
of aptamers [1,2]. During the SELEX process, a library of random oligonucleotide sequences with
up to 1018 individual nucleic acid sequences is exposed to the desired target. A small percentage of
the library’s sequences binds to the target and subsequently separates. The latter are amplified via
polymerase chain reaction (PCR) and the selection process is typically repeated for 8–15 rounds [20].
To increase selectivity, counter selection may be performed (addition of molecular structures similar
to the target) and the sequences binding to the non-target structures are removed. Due to their
stringent selection process, aptamers offer a feasible alternative to antibodies and they offer several
prominent advantages. Aptamers are chemically synthesized at high reproducibility and low cost
compared to antibodies and they are stable over a wide range of temperature and pH, as well as in
organic solvents [20–22]. These significant advantages, along with their small size and the ease of their
immobilization and regeneration, have led to extensive research on aptamer-based biosensors [23].
The latter are termed aptasensors and the oligonucleic acid is commonly immobilized on the biosensor
surface. Immobilization drastically improves handling of the biosensor and the nucleic acid can be
regenerated more easily [24]. It is possible to design competitive assays through the application of
complementary strands, which bind the aptamer, offering new possibilities for biosensing in general
and small molecules in particular. The oligonucleotide nature of aptamers and complementary
strands offer the possibility to implement amplification and improve aptasensor sensitivity. Figure 1
schematically illustrates four typical modes of action of aptasensors: Sandwich or sandwich-like mode,
target-induced structure switching mode, target-induced dissociation mode and finally competitive
replacement mode [25].
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Upon addition, the aptamer-target complex is formed. Afterwards, another labeled aptamer against the
respective target is introduced which binds to a different epitope of the target molecule. Transduction
is carried out via the labeled aptamer. (B) Target-induced structure switching (TISS) mode: The labeled
aptamer is immobilized on a surface. In this example, a fluorescence molecule is linked to the aptamer
and brought near a quenching surface. Upon target addition, the aptamer structure changes and the
fluorescence molecule is no longer quenched. In this case, transduction is carried out via fluorescence
measurement. (C) Target-induced dissociation (TID) mode: A complementary, labeled oligonucleotide
hybridizes with the immobilized aptamer. Upon target addition, the aptamer-target complex is
formed and the oligonucleotide is displaced. After washing steps, the respective signal decreases and
transduction can be carried out. (D) Competitive replacement (CR) mode: In this example, the target
molecule is immobilized on the surface. The labeled aptamer is added and forms the aptamer-target
complex. When the target molecule is added in excess, the aptamer preferably binds to the free molecule
and is removed from the immobilized target molecule. This change can then be monitored.

4.1. Sandwich or Sandwich-Like Mode

Similar to the concept of enzyme-linked immunosorbent (ELISA) assays, sandwich-like detection
methods have been established for aptamers. The oligonucleotide is immobilized on a surface and
binds its target, where a second aptamer binds a different binding site of the target to form a “sandwich”
structure (Figure 1A). This mode can be realized with two aptamers directed against different epitopes
of the target or in mixed approaches using an aptamer and an antibody. Therefore, it is possible to
create aptamer-target-antibody hybrids. Such hybrid-systems were successfully demonstrated to detect
cardiovascular biomarkers, such as troponin, but were not yet tested with small molecules [26,27].
The small molecule progesterone could also be detected in a sandwich-like lateral flow assay with
a final LOD of 5 nM using gold-immobilized aptamers [28]. Small molecules do not offer many
structural recognition elements which consequently limit the applicability of the sandwich-like strategy.
Moreover, due to the small size of the target, steric hinderance between the two binding aptamers
is likely to happen. Yet, it should be noted that when antibodies are employed this difficulty may
intensify due to their larger size and limited flexibility when binding epitopes.

4.2. Target-Induced Structure Switching (TISS) Mode

Target-induced structure switching (TISS) mode uses the aptamer’s ability to fold into a defined
3D-structure upon target binding. When the target molecule is introduced, the aptamer undergoes
structural rearrangements, as illustrated in Figure 1B. The aptasensor could be designed to either
measure changes in size of the aptamer upon target binding, the position of binding moieties or
structural stability. However, when detecting small molecules these structural changes can be marginal
and challenging to be implemented. Yet, many TISS mode aptasensor for the detection of small
molecules are described in literature and several examples are listed in Table 1. Several aptasensors for
the detection of ATP using the TISS mode were described in literature and were successfully tested in
aptamer binding buffer [29–31]. Moreover, extensive research was carried out for cocaine aptasensors
which were able to detect up to pM cocaine concentrations in serum [32].

4.3. Target-Induced Dissociation (TID) Mode

Like the sandwich-like and TISS modes, the target-induced displacement of complementary
oligonucleotides approach (TID), illustrated in Figure 1C, also relies on the structural properties of
the aptamer. However, the change of the aptamer conformation is not monitored directly, but the
displacement of a complementary oligonucleotide is detected. This oligonucleotide is usually designed
to bind in the aptamer-target binding site or in a place, where drastic structural changes occur upon
target binding. Upon target binding, the complementary oligonucleotide is displaced, which enables
the detection of this signal change for transduction (Figure 1C). Usually, the aptamer is immobilized on
the biosensor surface and the oligonucleotide is added. For transduction purposes, the complementary
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oligonucleotide can be modified at its 5’ or 3’-terminus. One possible modification is the addition
of a Cy5 or Cy3 molecule to monitor the change in fluorescence intensity upon target addition.
This would represent an optical aptasensor. Lee et al. demonstrated the ability of a TID-based
AU-NP aptasensor to monitor the small molecule hydroyvitamin D3 (25(OH)D3) in the micromolar
range [33]. These findings could be verified and further extended by the introduction of Cy5-labelled
complementary oligonucleotides [34].

4.4. Competitive Replacement (CR) Mode

In the competitive replacement mode, free target molecule competes with immobilized target
molecule. Since binding of the free target molecule is preferred, the labelled aptamer is not able to
bind to the immobilized target in the presence of the target (Figure 1D). A competitive aptasensor for
the detection of chloramphenicol (CHL) could be developed based upon this principle which was
able to detect CHL with a LOD of 451 pM. CHL was immobilized on a surface and biotin-labelled
CHL-aptamer was introduced. When no free CHL was available, the CHL-aptamer bound the
immobilized CHL and transduction was performed via streptavidin-modified gold nanoparticles
(AuNPs). However, when free CHL was available the CHL-aptamer formed a complex with it
and no sandwich-like structure on the surface could be formed [35]. Another aptasensor with the
competitive replacement mode could be tested successfully for the detection of the small molecule
neomycin B. In this setup, the target antibiotic is immobilized on a surface and then bound by the
aptamer. Upon addition of higher neomycin B concentrations, the aptamer is displaced and binds
to the free neomycin B. This change is then transduced with faradaic impedance spectroscopy (FIS).
This aptasensor was capable of measuring the small molecule with a LOD in the µM range [36].
Another competitive aptasensor for the detection of the small molecule aflatoxin B1 (AFB1) could be
developed. The anti-AFB1-aptamer was fused with the anti-thrombin-aptamer. The aptasensor surface
was coated with immobilized AFB1. When no free AFB1 was present, the aptamer-fusion-complex was
able to bind to the sensor surface. The anti-thrombin-aptamer then captured thrombin which cleaves
a peptide substrate. This cleavage was then used as the transduction method. However, when free
AFB1 is present, the aptamer-fusion-complex does not bind to the immobilized AFB1 and the substrate
cannot be cleaved by thrombin after washing steps. The aptasensor was able to detect the mycotoxin
with a LOD of 0.5 nM [37].

4.5. Applicability of the Different Aptasensor Modes for the Detection of Small Molecules

We compiled a table with a selection of aptasensors for the detection of small molecules with their
respective operational modes such as competitive replacement (CR) mode, TISS, TID and sandwich-like
mode. For the selection please see Table 1. It is evident that the majority of the presented aptasensors
operate with the target induced structure switching mode, followed by competitive replacement and
target-induced dissociation. The least used operational mode is the sandwich-like mode. This could be
due to the necessity of having two aptamers directed against two different epitopes of the target analyte.
Small molecules offer limited structural motifs for detection purposes and therefore complicate the
design of sandwich-like assays even more. The second least used operational mode is the target induced
dissociation mode when operating aptasensors. The use of TID requires structural knowledge of the
used aptamer to identify either the target binding site or areas of strong structural changes. Only with
this knowledge or “trial-and-error” it is possible to design the complementary oligonucleotides so
that they are displaced upon target binding. In contrast to the TID mode no in-depth knowledge
of the aptamer structure is needed for the TISS mode to operate successfully. The only requirement
for a successful TISS mode is a significant structural change of the aptamer upon target binding.
When this is not the case, the TID mode offers an effective alternative. When the displacement of the
complementary oligonucleotide cannot be monitored with the transduction method, it is possible to
label the oligonucleotide and amplify the transduction process, e.g., for mass-sensitive transduction
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methods. Another option to amplify transduction processes is the use of a variety of nanomaterials
which also enable higher signal-to-noise ratios (SNR).

Table 1. Selection of aptasensors against a variety of small molecules with their operational modes,
limits of detection (LOD) and sample composition.

Target Mode LOD Sample Composition Reference

Aflatoxin B1 TISS pM Beer/Wine [38]
Aflatoxin B1 CR nM Buffer [37]
Aflatoxin M1 TISS nM Spiked milk [29]
Aflatoxin M1 CR nM Buffer [30]

ATP TISS nM Buffer [39]
ATP TISS µM Buffer [31]
ATP TISS µM Buffer [40]

Ochratoxin A TID nM Buffer [41]
Ochratoxin A TID nM Grape juice/serum [42]

Chloramphenicol CR pM Serum/milk [35]
Cocaine TISS pM Serum [32]
Cocaine TISS nM Buffer [43]
Cocaine TISS nM Buffer [44]
Estradiol TISS fM Buffer [45]

Neomycin B CR µM Buffer [36]
Progesterone Sandwich nM Buffer [28]

25-Hydroxyvitamin D3 TID µM Serum [33]

4.6. Integration of Nanomaterials

In recent years, nanotechnology was embedded in a variety of aptasensors to improve sensitivity
and SNR. Nanomaterials can be incorporated in two manners: Nanoparticles as signalling elements and
nanostructured surfaces as transducers or amplificators. For the former, aptasensors which incorporate
gold nanoparticles (AuNPs) and quantum dots (QDs) were reported with promising sensitivity and
signal amplification [46,47]. AuNP-based biosensors often operate with an optical transduction method
since the aggregation of the nanoparticles upon aptamer-target binding leads to a wavelength shift
from 520 nm to 650 nm. Assays can be designed in a sandwich-like mode with two aptamers against
the respective target. These two aptamers are then immobilized on the AU-NP-surface and the AuNPs
aggregate upon target addition, which leads to a wavelength shift [48]. Since AuNPs have quenching
properties they are suitable for fluorometric aptasensors. Electrochemical transduction methods in
AuNP-based aptasensors have also been reported. The large surface area and high redox activity of
the gold nanoparticles lead to signal enhancement and increased biosensor sensitivity [46].

Semiconducting nanocrystals, also called quantum dots, are another nanomaterial capable of
significantly improving biosensing sensitivity and signal amplitude. In recent studies, QDs were
functionalized with aptamers. A quencher-labelled complementary oligonucleotide was added which
binds to the aptamer when no target is present. Upon target binding, the oligonucleotide dissociates
and the fluorescence signal increases [49].

Another promising nanomaterial for the development of aptasensors is porous silicon (PSi) [50,51].
The latter is a nanostructured porous material with unique optical properties and a large surface area,
allowing for a greater number of aptamers to be immobilized. Most PSi-based aptasensors are optical,
in which binding of the target molecules to the immobilized aptamers induce changes in the reflectivity
of the porous transducer owing to changes in the average refractive index.

Such aptasensors were successfully demonstrated for label-free detection of various targets [52–54].
Nanostructured graphene materials, such as graphene oxide (GO), are another class of promising
candidates for aptasensor surfaces. These materials offer excellent quenching properties. Additionally,
single-stranded DNA (ssDNA) is easily adsorbed on the surface of the material and drastically improves
the handling and generation of modified sensor surfaces [46]. Aptamer-coated GO surfaces were
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already successfully tested to detect the mycotoxin B1 in complex matrices such as beer or wine.
The aptasensor operated in a TISS mode and exhibited a LOD of 0.05 ng·mL−1 [38]. A label-free
approach for the femtomolar detection of the hormone 17β-estradiol with aptamer-coated GO surfaces
could also be demonstrated [45]. The working principle of this TISS mode aptasensor is shown in
Figure 2. Another novel aptasensing approach is the use of molecularly imprinted polymers (MIP)
alongside aptamers to detect target molecules in an extremely sensitive matter. MIP are artificial
recognition units which can be specifically tailored to detect certain compounds. Moreover, MIP are
extremely stable and can be produced cheaply. By integrating aptamers and MIP, new diagnostic
tools can be developed which combine both benefits in one device. Such hybrid-MIP approach was
used to design an aptasensor for tetracycline which was able to detect the antibiotic with a LOD of
144 fM. The major advantage of this aptasensor was its stability. After storing the sensor for four
weeks at ambient conditions, no drastic change in signal intensity upon biosensing could be monitored.
Moreover, the hybrid-MIP could be used several times with consecutive denaturation and regeneration
steps [55]. This biosensor illustrates one of the main advantages of aptasensors, since they can be used
several times and can be regenerated easily. Antibodies are susceptible to permanent denaturation
and are therefore heavily impacted by the solution in which the biosensor operates. In aptasensors,
these problems do not arise [56].
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Figure 2. Working principle of a label-free aptasensor for the femtomolar detection of 17β-estradiol
(E2) using graphene oxide as an amplification platform. To immobilize the estradiol-binding aptamer,
a series of previous chemical modifications are necessary. Firstly, a glassy carbon electrode (GCE)
is modified with a graphene oxide (GO) layer. The GO diazonium salts are then electrochemically
reduced which leads to the ERGO/GCE hybrid surface. The COOH-groups on the ERGO surface are
then conjugated with NH2-modified E2-aptamers via carbodiimide formation. Addition of the target
molecule E2 leads to the formation of the E2-aptamer complex. In the complex, E2 is brought closer to
the ERGO/GCE surface which leads to an increased electron transfer efficiency. Transduction is then
carried out by measuring the change in current by using square wave voltammetry. The aptasensor
operates in the TISS mode. (Adapted from [45]).

In general, aptasensors offer a range of advantages compared to antibody-based biosensors.
However, the already established and clinically proven immunoassays are difficult to compete with
and moreover, existing aptasensors were only extensively tested for a small range of targets and usually
in non-clinical environments (for example buffer). In the ever-growing field of medical diagnostics,
aptasensors could fill an important gap between expensive and rather difficult to handle immunoassays
and point of care (POCT) diagnostics. To fill this gap however, existing aptamers need to be optimized
for monitoring these small molecules with an adequate sensitivity and selectivity. It could be shown that
the sensitivity could be drastically improved when nanomaterials were incorporated in the aptasensor.
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5. Comparison of Aptasensors and Immunosensors for Small Molecule Sensing

In the previous chapters we gave an overview of the possible operational modes of aptasensors
and optimization possibilities using a variety of nanomaterials. Over the past decade, aptasensors were
extensively used and optimized. This resulted in the construction of aptasensors which are superior
to the well-established antibodies in terms of limit of detections. We compiled a table of these small
molecule targets and compared the LOD of aptasensors with the LOD of immunosensors for these
targets. The resulting Table 2 is shown below.

Table 2. Selection of superior aptasensors for the detection of small molecules compared with the most
efficient immunosensor alternative based on limit of detection (LOD) values.

Target LODAptasensor LODImmunosensor Ref.Aptasensor Ref.Immunosensor

Tetracycline 5 pM 13 pM [57] [58]
Cocaine 100 pM 0.49 nM [59] [60]

Bisphenol A 1 pM 9 pM [61] [62]
Ochratoxin A 0.3 pM 5 pM [63] [64]

Estradiol 1 fM 55 fM [65] [66]

For the small molecules tetracycline, bisphenol A, ochratoxin A and estradiol the LODs of
aptasensors and immunosensors are comparably low and enable sensitive biosensing possibilities.
However, it is notable that the aptasensor for the detection of cocaine is superior (100 pM LOD) to
the respective immunosensor (0.49 nM). To highlight the flexibility and possibilities of aptasensor
development we describe the major accomplishments in cocaine aptasensing in the past years.
This progress is notable, since this picomolar LOD was only achieved with a variety of aptasensor
improvements over the past years. In 2006, the first aptasensor for cocaine detection was developed
based on the target-induced structure switching (TISS) operational mode. The aptasensor exhibited
a LOD of 10 µM which was too high for clinical applications [67]. This aptasensor was optimized
using a different operational mode in 2009. In this biosensing approach, the sandwich-mode was used.
Moreover, the cocaine-aptamer was split in two fragments, where one fragment was immobilized on the
biosensor surface and the other one was labeled and freely available in solution. Upon cocaine addition,
the equilibrium was shifted from the two separated aptamer fragments to the aptamer-target-complex
and electrochemical transduction was carried out. This aptasensor was able to detect cocaine with a
LOD of 1 µM [68]. The split-aptamer approach was extensively explored by other groups and refined
using nanomaterials such as quantum dots (QD) and a variety of nanoparticles such as PtNPs and
AuNPs [59,69,70]. In 2015, a nanocomposite aptasensor for the detection of cocaine was able to detect
the compound with a final LOD of 100 pM. In this aptasensor, the aptamer is linked to AuNPs which
are attached to a nanocomposite modified glassy carbon (GC) electrode. When no cocaine is present
and the aptamer is partially unfolded, ferricyanide is brought close to the electrode surface. However,
when cocaine is present, the negatively charged AuNPs approach the electrode surface, which results
in inhibited electron transfer and the redox probe current decreases [59]. Even the most recent
immunosensor for cocaine biosensing (0.49 nM [60]) is not able to compete with the LOD of 100 pM
exhibited by the presented aptasensor. This drastic improvement of LOD over the past years highlights
the high versatility of aptasensing technology. Once an aptamer against a certain target is selected,
the biosensor design can be optimized to drastically improve the aptasensor performance. The different
operational modes such as TID, TISS and Sandwich-like and the incorporation of nanomaterials offer
optimization options to increase sensitivity. Of course, it is also possible to optimize immunosensors
with nanomaterials and different operational modes. However, one major limiting factor in sensitivity
is the immobilization density of the capture probe on the biosensor surface. Since the aptamer is
drastically smaller than an antibody, higher immobilization densities are possible, leading to higher
sensor efficiencies. The majority of targets shown in Table 2 are environmental contaminants, whereas
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Estradiol is the only small molecule relevant in health monitoring. In the following chapter we examine
the recent advances in aptasensor technology for the detection of small molecules in health monitoring.

6. Current Status of Aptasensors for the Detection of Small Molecules in Health Monitoring

In recent years, due to increasing interest in small molecules, aptamers directed against these
molecules were selected via SELEX. Since 2015, 1196 research articles or reviews have been written
including the keyword “aptasensor” (Web of Science, 07/31/20). Moreover, a lot of these articles not only
describe the selection process via SELEX, but also the development of an aptasensor for the detection
of the selected target molecule. To give a brief overview of the currently available aptamers against
important health markers, we used the “Richtlinie der Bundesärztekammer zur Qualitätssicherung”
(guideline of the German medical association to maintain quality standards) (Rili-Bäk). This is a
guideline for German laboratories to maintain quality standards. Major chemical industries such as
Roche Diagnostics acknowledge this guideline and use it for their own POCT products. Based on the
table in the Rili-Bäk with all relevant existing health markers, we removed analytes which are not
defined as small molecules (<900 kDa) from the resulting table and checked whether an aptamer for
the desired target was reported in literature. The resulting analytes and their indications as health
markers are shown in Table 3.

As shown in Table 3, aptamers for many important hormones, which are analyzed in laboratory
tests, are available in literature. Additionally, an aptamer for the detection of 25-hydroxyvitamin D3

is described in literature, which is another significant health marker since Vitamin D deficiency is a
widespread illness. No aptamers were reported for aldosterone, bilirubin, uric acid and creatinine yet.
In summary, the development of aptamers for targeting small molecules in health monitoring was
mainly driven by the selection of aptamers against hormones. In addition, aptamers against other
relevant small molecules such as cortisol and 25(OH)D3 were also selected. As hormones are clinically
tested mostly by radioimmunometric methods which are costly and time extensive, these available
aptamers offer the potential to develop aptasensors for point-of-care testing. However, with the use of
aptasensors, some challenges arise both in general limitations of aptamers and in aptamer selection
processes. In the following, we examine the major challenges in the detection of small molecules using
aptasensors and how to solve those problems to make aptamers more attractive for POCT applications.

Table 3. Selection of relevant small molecules measured in health monitoring. The current state-of-art
testing method is mentioned, as well as whether an aptamer against the analyte is available or not.

Analyte Indication Current Testing
Method

Aptamer
Available?

(Y/N)
Year Ref.

Aldosterone Hypertension Radioimmunometric N - -

Bilirubin Hyperbilirubinemia Colorimetric N - -

Cortisol Hypercortisolism/Hypocortisolism Radioimmunometric Y 2017 [71]

Creatinine Kidney health Fluorometric/Colorimetric N - -

Estradiol Hormonal illnesses in women ELISA Y 2007 [72]

Progesterone Wide range of indications Radioimmunometric Y 2015 [73]

Testosterone Wide range of indications Radioimmunometric Y 2017 [74]

Uric acid Hyperuricemia/Hypouricemia Fluorometric/Colorimetric N - -

25(OH)D3 Vitamin D deficiency HPLC Y 2017 [33]

7. Challenges in the Detection of Small Molecules Using Aptasensors

Small molecules are one of the most extensively studied aptamer targets in literature. For example,
the ATP aptamer was extensively studied in literature and thousands of articles were published using
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this aptamer. However, in the last 10 years only a handful of new aptamers against small molecules
for health monitoring (besides the previously mentioned hormones) were selected and published.
In this subsection we explore both, general limitations when using aptamers for the detection of small
molecules and more specialized challenges which can occur in the selection process.

7.1. General Challenges

One of the major limitations of aptamers for the detection of small molecules is due to the small
size of the target molecule. It was reported that the target molecular weight is proportional to the
binding affinity of the aptamer in most cases [75,76]. This can be explained by the rather limited
presence of functional groups in small molecules. These functional groups, however, are important for
specific target recognition and target binding. In the theophylline binding aptamer it could be shown
that hydrogen bonds are extremely important target recognition and binding [77]. Consequently, fewer
functional groups lead to decreased specificity and binding affinity. This poses a problem for the
development of new aptamers for small molecules since the target analytes are usually monitored
in the nanomolar range (regarding health markers) and require high specificity. Patents for a variety
of aptamer applications also significantly inhibited innovation processes so that researches did not
decide to invest time and material in the discovery of new aptamers for small molecules [78].

7.2. SELEX-Related Challenges

One main advantage of aptamers is the high degree of selectivity when the selection process
(SELEX) is carried out optimally. This includes a sufficient amount of selections rounds (10–15) and
counter selection rounds. Another important step in the SELEX process is the separation of the
target-bound aptamer from the unbound oligonucleotides. Therefore, the target molecule is often
immobilized on a surface. For protein targets, hydrophobic interactions with the surface may be
sufficient for separation. For cell targets, centrifugation or fluorescence activated cell sorting (FACS)
is used. When immobilizing small molecules however, these targets often lack functional groups
needed for conjugation chemistry and therefore immobilization. Moreover, introduction of functional
groups is problematic and alters the structure of the small molecule which could lead to false-positive
binding. Additionally, aptamers of the selection library could falsely bind to the linker molecule.
Moreover, introducing new functional groups is time consuming. The alternative, using the already
existing functional groups further decreases the number of functional groups available for aptamer
target recognition. Counter-selection steps should be carried out in SELEX to increase specificity and
exclude cross-reactivity [79,80]. However, in an already time-consuming protocol these extra steps
may drastically worsen the economics. Since the discovery of the SELEX process in 1990, a variety
of new SELEX methods were reported in literature. For an overview of the existing SELEX methods,
and their context in the use for the selection of small molecule aptamers, see Figure 3. The capillary
electrophoresis (CE) SELEX and Nitrocellulose SELEX were successfully tested for the selection of
new aptamers against proteins such as IgE and rhVEGF165 [81,82]. These new approaches offered
faster selection rounds and a higher heterogeneity of the selection pools. However, both SELEX
techniques are not suitable for the selection of small molecule aptamers since the target molecule
needs to exhibit a certain size to be excluded in the separation steps. Microfluidic systems were also
reported which incorporate magnetic-bead-based SELEX, CE-SELEX and Sol-Gel SELEX methods.
These systems suffer from the lack of real-time monitoring of the aptamer enrichment. This results in
more time-extensive selection processes and consequently higher experimental costs. Moreover, higher
failure rates and selection blindness are reported. These circumstances make these methods (currently)
not suitable for the selection of aptamers in the POCT context. A promising new method, called
electrochemical SELEX could be successfully used to select and aptamer against the small molecule
11-Deoxycortisol. In this approach, the target molecule is immobilized on a gold electrode surface.
Then, the interaction between the selection library and the target molecule can be monitored in real-time
via voltammetric measurements. Compared with the conventional SELEX method, no labelling of
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the oligonucleotides is necessary [83]. Another promising SELEX method is the capture SELEX.
Compared to the previously mentioned methods such as CE-SELEX, Sol-Gel SELEX and the classic
SELEX, in this method the oligonucleotides are immobilized. Since the immobilization of small
molecules inherits a variety of problems, immobilization of the oligonucleotide is usually preferred
and drastically improve the selection process [84]. Moreover, the use of capture SELEX automatically
leads to complimentary oligonucleotides. This facilitates the development of an aptasensor in TID
mode since the complementary strand of ssDNA can be used directly in this aptasensor.
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7.3. Challenges regarding Kd Determination

When new aptamers are selected via SELEX, an important classification number for characterization
is the dissociation constant (Kd). The lower the Kd the higher the affinity of the aptamer to the
respective target. There are a variety of methods to measure Kd such as spectroscopy based methods,
mass-sensitive methods and separation-based methods [85]. To determine the Kd either the aptamer
or the target molecule is titrated against the other molecule. Since the aptamers are usually larger
than the small molecule, this leads to low signal-to-noise ratios and binding events are difficult
to detect. Kd determination methods can be classified in two groups: Immobilization of one
binding partner (either aptamer or target) or immobilization-free methods. Immobilization-based
methods include plasmon resonance (SPR), where one partner is immobilized and the Kd is measured.
Immobilization-free methods include isothermal calorimetry (ITC), capillary electrophoresis (CE)
and microscale thermophoresis (MST) [86]. Different methods were used to determine the Kd of
the aptamer directed against the small molecule ochratoxine A (OTA). The results indicated a wide
range of determined Kd, ranging from 125 to 374 nM. The previously reported literature value of
the OTA-binding aptamer was 200 nM [87]. High variability of experimentally detected dissociation
constants shows one of the major problems in Kd determination. Since the Kd is an important
classification factor for further aptasensor development, this could lead to a range of problems.
However, this discrepancy between Kd measuring methods could also be due to their fundamentally
different working methods. In one approach, the target or aptamer is immobilized, in the other method
both binding partners are free in solution. Therefore, the Kd method should be chosen with the aptamer
application in mind. For aptasensor approaches, where the aptamer is usually immobilized, methods



Biosensors 2020, 10, 108 12 of 19

such as SPR should be chosen to generate reliable Kd results. However, when looking for therapeutic
aptamers for example, immobilization-free Kd determination methods such as ITC, MST or CE should
be used. To approximate the factual Kd, different methods (either immobilization-free or not) should
be used, and a high number of replicates should be carried out. In recent years, a couple of promising
new determination methods were reported. Isothermal Titration Calorimetry (ITC), which belongs to
the calorimetric and label-free methods, was used successfully in the determination of Kd of aptamers
against small molecules such as 25(OH)D3 and cocaine [33,88]. ITC offers fast results with a label-free
experimental setup. However, high aptamer or target concentrations are needed to perform the ITC,
therefore often resulting in costly experiments [89]. Another promising candidate for Kd determination
is MicroScale Thermophoresis (MST). MST is based on the thermophoretic mobility of molecules in
temperature gradients. The mobility of the molecule heavily depends on its size, hydration shell and
charge, therefore when the aptamer-target complex is formed, a change in movement behavior can be
monitored. This leads to the dissociation constant Kd. Strong structural changes are needed to occur in
the aptamer upon target binding to observe the Kd in the MST. The Kd determination of small molecule
aptamers using MST could be shown in the 17β-estradiol-binding aptamer and the well-established
ATP-aptamer. Additionally, the MST was carried out successfully for the characterization of the
ochratoxin A-binding aptamer [90–92]. The main advantage of the MST is the low sample volume,
fast generation of results and easy experimental layouts. The major downside is the need for labelled
interaction partners. Usually the aptamer is fluorescently labelled, whereas it is also possible to label
the target molecule. The labelling is usually carried out during chemical synthesis of the aptamer.
As already mentioned, modifications and labels could alter the binding properties (and consequently
the Kd) and should be evaluated carefully. Automated microchip electrophoresis could be shown to be
another promising method in Kd determination since it requires low reagent use and leads to fast Kd

results [15].

8. Aptamers in Point-of-Care Testing (POCT)

Point-of-care testing (POCT) is defined by the ability to instantly monitor health markers on-site
(for example directly at the hospital) and get results quickly. The current workflow in the detection of
health-markers is to take the biological sample at the hospital, send it to a central laboratory (when the
hospital has no own laboratory) and get the results in a couple of days. However, this approach suffers
from a couple of disadvantages. Firstly, experienced personnel are needed to analyze the biological
sample in the laboratory, secondly, costly equipment is needed and finally, the samples need to be
shipped to the testing facility. In the POCT approach, the biological samples are taken and analyzed at
the same location. This is possible with simple-to-handle medical devices and rather cheap resources
which are needed for the tests. When POCT is established, the health markers can be measured
quickly, cheaply and without the need for experienced personnel. Moreover, it is possible to create a
network of POCT institutions and continuously exchange data and experience. This would lead to a
decentralized approach of health monitoring and would offer fast and reliable results for the customer,
anywhere. However, the transition from the current approach to a POCT-approach is difficult. At the
beginning of a POCT-transitional phase, the hospital suffers from extra effort and expense. Employees
need to be trained to handle the POCT-devices, a central data point and managing software needs to
be established and a solid quality management system needs to be established. The POCT should
be a complementary approach to the central-laboratory, with the same quality-management and
reproducibility. The resulting data needs to be comparable to the results of the central laboratories of
the current approach. All these challenges need to be taken in account when an institution transitions
from the current “central laboratory approach” to the POCT-approach. Aptasensor-based POCT
incorporates all advantages of aptamers including long-term stability, aptamer regeneration and high
sensitivity in the nanomolar range. In contrast to antibodies, aptamers in POCT devices could be
more durable, cheaper and could withstand harsher environments, which could simplify prior sample
preparation. Aptamers could especially excel in the detection of small molecules, which usually
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regulate important functions in the body and are relevant as health markers. One disadvantage
of aptamers is their susceptibility to nucleases. However, this vulnerability to nucleases could be
negligible attributable to the POCT approach. Firstly, measurements in POCT ideally should be carried
out in a short period of time (e.g., 10 min), which limits the influence of nuclease activity. Secondly,
the aptamers in POCT approaches will not be regenerated most of the time. In case they should
be regenerated, it is possible to introduce aptamer modification to make the oligonucleotide more
nuclease-resistant such as 3’-poly-dA tails or 3’-biotin caps for in vitro measurements [93,94]. Finally,
aptamer immobilization itself makes the aptamers less prone for DNase activity. POCT systems should
be easy to handle, cheap and fast. With the use of aptasensors as a base for new POCT systems,
the first two mentioned points could be successfully established. The time aspect, however, needs
to be evaluated thoroughly. Aptamer-target binding is a time-dependent step (until equilibrium is
reached) with a potential optimum for POCT application. However, this spot needs to be evaluated
carefully, since a too short incubation time may lead to insufficient binding and therefore unreliable
results with low signal-to-noise ratios. This problem gets even worse when small molecules are used
which lead to low signal-to-noise ratios by themselves. When designing aptasensor-based POCT
applications, the incubation time is a crucial parameter which needs to be optimized previously—both
for applicability and quality assurance. In the worst case, the desired sensitivity of the established
aptasensor will not get used to its fullest extent.

A promising platform for POCT applications is the smartphone-assisted sensor. In 2020,
4.78 billion people on earth owned a smart and feature phone which makes smartphone-based
POCT an extremely feasible approach which also enables at-home-testing of biological markers.
In 2016, a smartphone-assisted aptasensor was reported. The sensor system consists of an optical
waveguide, which guides the light from the smartphone through a SPR sensor to the output coupler.
Then, the wavelength shift of the SPR is monitored. Upon target addition, the aptamer-target complex
is formed and the wavelength shift is monitored. This smartphone-assisted sensor was successfully
used for the detection of the C-reactive protein with a LOD of 12.46 nM (normal C-reactive protein
(CRP) concentration in blood is 40 nM) [95]. The working principle of the sensor is shown in Figure 4.
The working principle of this sandwich-like aptasensor is shown in Figure 3. The use of smartphones
in POCT extends the idea of POCT so that self-testing of various health markers at home could be
possible in the future. The only part which needs to be purchased in order to measure these analytes
is the rather cheap polymer-based SPR sensor, while readout can be performed using the users own
smartphone [96].
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the immobilized streptavidin and the aptamer binds to circulating CRP. Then, aptamer-modified gold
nanoparticles (AuNPs) are added which bind to a different epitope on the CRP molecule. The shift in
the surface plasmon resonance (SPR) wavelength is monitored with a smartphone-assisted device and
CRP concentration can be measured.
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9. Conclusions and Future Prospects

In point-of-care testing, aptamers offer a wide range of advantages compared to antibodies
when used as the biosensing platform. Aptamers have a long shelf-life and are more stable in
rougher chemical conditions. Moreover, they can be produced in bulk in a much cheaper way than
antibodies. Aptamers are especially suitable for the detection of small molecules since their small size
results in large binding capacities when the aptamer is immobilized on the sensor surface. This is
an advantage for the detection of small molecules, since more target analyte can be bound by the
aptamer and transduced. Another advantage of aptamers for the detection of small molecules is
their potential high specifity and a variety of different operational modes such as sandwich-like, TISS,
TID and competitive mode. These modes make the biosensor development extremely flexible and
new sensing approaches can be introduced easily. In POCT-systems aptamers pave the way for fast
and efficient test kits such as lateral-flow assays or SPR-based biosensors with the incorporation of
smartphones. However, the selection and characterization of aptamers for small molecules is the major
bottleneck for the discovery of new aptamers against small molecules. The size of small molecules
such as testosterone or other hormones leads to a variety of problems in the selection process and
Kd determination. Problems include limited chemical groups needed for immobilization both in Kd

determination and SELEX. Moreover, aptamers need to be selected more stringent, with more selection
rounds, counter selection rounds and overhauled SELEX methods such as the electrochemical SELEX
technique which makes nucleotide-labeling needless. Another bottleneck of aptasensing in the POCT
area are inconsistent Kd determination methods. There are a variety of methods to determine the
dissociation constant of an aptamer, however there are large deviations of the reported Kd between
these methods. When characterizing aptamers for the POCT use, different measurement approaches
should be used, and multiple measurements are necessary. Methods such as microscale thermophoresis
and isothermal titration calorimetry are two of the most efficient Kd determination methods since the
aptamer-target-complex is formed freely in solution and no immobilization is needed. Aptasensors for
the detection of small molecules also need to leave proof-of-principle experiments behind and explore
the real testing conditions. See Table 1 for a selection of recently reported aptasensor for the detection
of small molecules. The majority of these aptasensors were tested in buffer systems and have not
been tested for rather complex clinical samples such as human serum or environmental samples yet.
These complex matrices confront the aptamer with a series of potential problems: Extremely low target
concentration, cross-reactivity, other potential contaminants and nucleases. This environment could
lead to low signal-to-noise ratios. An efficient starting point of SNR improvement is the optimization
of the transduction method. Nanomaterials such as porous silicon (PSi), graphene oxide (GO) and
gold nanoparticles (AuNPs) are recent advances in this field with immense potential for aptasensor
improvement. These materials offer both efficient signal amplification methods and an aptamer
immobilization surface which drastically improves the handling of the aptasensor. These possibilities
and recent advances could lead to a dramatic increase in aptasensor research interest. Cocaine
immunosensing is a good example which shows the potential of aptasensors in the current research
environment. The first cocaine aptasensor was published in 2006 with moderate results. Since then,
the sensor was drastically improved which led to an LOD increase of five-fold and successful biosensing
serum in the femtomolar concentration range [32]. Until now, no superior antibody immunosensor
could be developed for cocaine sensing and the aptasensor remains one of the most effective sensing
approaches [97]. While aptasensors might still be in an early development state in the context of POCT,
this example clearly demonstrates the high potential of aptasensors as well as the manifold options for
their development and optimization.

Author Contributions: Conceptualization, M.P. and J.W.; methodology, M.P.; resources, T.S.; writing—original
draft preparation, M.P.; writing—review and editing, M.P., J.W., T.S., E.S., J.B.; visualization, M.P.; supervision, J.W.,
E.S., J.B.; project administration, T.S.; funding acquisition, T.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received external funding by the DFG with the project number 279/32-2.



Biosensors 2020, 10, 108 15 of 19

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ellington, A.D.; Szostak, J.W. In vitro selection of RNA molecules that bind specific ligands. Nature 1990, 346,
818–822. [CrossRef] [PubMed]

2. Tuerk, C.; Gold, L. Systematic evolution of ligands by exponential enrichment: RNA ligands to bacteriophage
T4 DNA polymerase. Science 1990, 249, 505–510. [CrossRef]

3. FDA Approval Package of Macugen. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/
nda/2004/21-756_Macugen.cfm (accessed on 22 August 2020).

4. Haßel, S.K.; Mayer, G. Aptamers as Therapeutic Agents: Has the Initial Euphoria Subsided?
Mol. Diagnosis Ther. 2019, 23, 301–309. [CrossRef]

5. Sun, H.; Zu, Y. A Highlight of recent advances in aptamer technology and its application. Molecules 2015, 20,
11959–11980. [CrossRef] [PubMed]

6. Kaur, H.; Bruno, J.G.; Kumar, A.; Sharma, T.K. Aptamers in the therapeutics and diagnostics pipelines.
Theranostics 2018, 8, 4016–4032. [CrossRef] [PubMed]

7. Dougherty, T.J.; Pucci, M.J. (Eds.) Antibiotic Discovery and Development; Springer: New York, NY, USA, 2012;
Available online: https://books.google.de/books?id=av5SHPiHVcsC&lpg=PA800&ots=Poh9XTWpBC&dq=

oral+drug+molecular+weight+distribution+antibiotics&pg=PA800&redir_esc=y#v=onepage&q&f=false
(accessed on 10 June 2020).

8. Wu, F.; Groopman, J.D.; Pestka, J.J. Public Health Impacts of Foodborne Mycotoxins. Annu. Rev. Food
Sci. Technol. 2014, 5, 351–372. [CrossRef] [PubMed]

9. Richard, J.L. Some major mycotoxins and their mycotoxicoses-An overview. Int. J. Food Microbiol. 2007, 119,
3–10. [CrossRef] [PubMed]

10. Borja, J.; Taleon, D.M.; Auresenia, J.; Gallardo, S. Polychlorinated biphenyls and their biodegradation.
Process Biochem. 2005, 40, 1999–2013. [CrossRef]

11. Mehta, J.; Rouah-Martin, E.; Van Dorst, B.; Maes, B.; Herrebout, W.; Scippo, M.L.; Dardenne, F.; Blust, R.;
Robbens, J. Selection and characterization of PCB-binding DNA aptamers. Anal. Chem. 2012, 84, 1669–1676.
[CrossRef]

12. Bai, S.H.; Ogbourne, S.M. Glyphosate: Environmental contamination, toxicity and potential risks to human
health via food contamination. Environ. Sci. Pollut. Res. 2016, 23, 18988–19001. [CrossRef]

13. Defarge, N.; Spiroux de Vendômois, J.; Séralini, G.E. Toxicity of formulants and heavy metals in
glyphosate-based herbicides and other pesticides. Toxicol. Reports 2018, 5, 156–163. [CrossRef] [PubMed]

14. Pardridge, W.M. Transport of small molecules through the blood-brain barrier: Biology and methodology.
Adv. Drug Deliv. Rev. 1995, 15, 5–36. [CrossRef]

15. Pardridge, W.M. The blood-brain barrier: Bottleneck in brain drug development. NeuroRx 2005, 2, 3–14.
[CrossRef] [PubMed]

16. Aus der Beek, T.; Weber, F.-A.; Bergmann, A.; Hickmann, S.; Ebert, I.; Hein, A.; Küster, A. Pharmaceuticals in
the environment-Global occurrences and perspectives. Environ. Toxicol. Chem. 2016, 35, 823–835. [CrossRef]

17. Scheller, F.W.; Wollenberger, U.; Warsinke, A.; Lisdat, F. Research and development in biosensors.
Curr. Opin. Biotechnol. 2001, 12, 35–40. [CrossRef]

18. Clark, L.C.; Lyons, C. ELECTRODE SYSTEMS FOR CONTINUOUS MONITORING IN CARDIOVASCULAR
SURGERY. Ann. N. Y. Acad. Sci. 1962, 102, 29–45. [CrossRef]

19. Thévenot, D.R.; Toth, K.; Durst, R.A.; Wilson, G.S. Electrochemical biosensors: Recommended definitions
and classification. Biosens. Bioelectron. 2001, 16, 121–131. [CrossRef]

20. Sumedha, D. Jayasena Aptamers: An Emerging Class of Molecules That Rival Antibodies in Diagnostics.
Clin. Chem. 1999, 45, 1628–1650.

21. Famulok, M.; Mayer, G. Aptamer modules as sensors and detectors. Acc. Chem. Res. 2011. [CrossRef]
22. O’Sullivan, C.K. Aptasensors - The future of biosensing? Fresenius. J. Anal. Chem. 2002, 372, 44–48. [CrossRef]
23. Arshavsky-Graham, S.; Urmann, K.; Salama, R.; Massad-Ivanir, N.; Walter, J.-G.; Scheper, T.; Segal, E.

Aptamers vs. antibodies as capture probes in optical porous silicon biosensors. Analyst 2020, 145, 4991.
[CrossRef] [PubMed]

24. Danielsson, B.; Mosbach, K. Enzyme Thermistors. Methods Enzymol. 1988, 137, 181–197. [CrossRef]

http://dx.doi.org/10.1038/346818a0
http://www.ncbi.nlm.nih.gov/pubmed/1697402
http://dx.doi.org/10.1126/science.2200121
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2004/21-756_Macugen.cfm
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2004/21-756_Macugen.cfm
http://dx.doi.org/10.1007/s40291-019-00400-6
http://dx.doi.org/10.3390/molecules200711959
http://www.ncbi.nlm.nih.gov/pubmed/26133761
http://dx.doi.org/10.7150/thno.25958
http://www.ncbi.nlm.nih.gov/pubmed/30128033
https://books.google.de/books?id=av5SHPiHVcsC&lpg=PA800&ots=Poh9XTWpBC&dq=oral+drug+molecular+weight+distribution+antibiotics&pg=PA800&redir_esc=y#v=onepage&q&f=false
https://books.google.de/books?id=av5SHPiHVcsC&lpg=PA800&ots=Poh9XTWpBC&dq=oral+drug+molecular+weight+distribution+antibiotics&pg=PA800&redir_esc=y#v=onepage&q&f=false
http://dx.doi.org/10.1146/annurev-food-030713-092431
http://www.ncbi.nlm.nih.gov/pubmed/24422587
http://dx.doi.org/10.1016/j.ijfoodmicro.2007.07.019
http://www.ncbi.nlm.nih.gov/pubmed/17719115
http://dx.doi.org/10.1016/j.procbio.2004.08.006
http://dx.doi.org/10.1021/ac202960b
http://dx.doi.org/10.1007/s11356-016-7425-3
http://dx.doi.org/10.1016/j.toxrep.2017.12.025
http://www.ncbi.nlm.nih.gov/pubmed/29321978
http://dx.doi.org/10.1016/0169-409X(95)00003-P
http://dx.doi.org/10.1602/neurorx.2.1.3
http://www.ncbi.nlm.nih.gov/pubmed/15717053
http://dx.doi.org/10.1002/etc.3339
http://dx.doi.org/10.1016/S0958-1669(00)00169-5
http://dx.doi.org/10.1111/j.1749-6632.1962.tb13623.x
http://dx.doi.org/10.1016/S0956-5663(01)00115-4
http://dx.doi.org/10.1021/ar2000293
http://dx.doi.org/10.1007/s00216-001-1189-3
http://dx.doi.org/10.1039/D0AN00178C
http://www.ncbi.nlm.nih.gov/pubmed/32519701
http://dx.doi.org/10.1016/0076-6879(88)37018-7


Biosensors 2020, 10, 108 16 of 19

25. Han, K.; Liang, Z.; Zhou, N. Design Strategies for Aptamer-Based Biosensors. Sensors 2010, 10, 4541–4557.
[CrossRef] [PubMed]

26. Sinha, A.; Gopinathan, P.; Chung, Y.D.; Shiesh, S.C.; Lee, G. Bin An Aptamer Based Sandwich Assay for
Simultaneous Detection of Multiple Cardiovascular Biomarkers on A Multilayered Integrated Microfluidic
System. In Proceedings of the 2019 20th International Conference on Solid-State Sensors, Actuators and
Microsystems and Eurosensors XXXIII, Berlin, Germany, 23–27 June 2019; Institute of Electrical and Electronics
Engineers Inc.: Los Alamitos, CA, USA, 2019; pp. 1075–1077.

27. Jo, H.; Her, J.; Lee, H.; Shim, Y.B.; Ban, C. Highly sensitive amperometric detection of cardiac troponin I using
sandwich aptamers and screen-printed carbon electrodes. Talanta 2017, 165, 442–448. [CrossRef]

28. Alnajrani, M.N.; Alsager, O.A. Lateral flow aptasensor for progesterone: Competitive target recognition and
displacement of short complementary sequences. Anal. Biochem. 2019, 587, 113461. [CrossRef]

29. Sharma, A.; Catanante, G.; Hayat, A.; Istamboulie, G.; Ben Rejeb, I.; Bhand, S.; Marty, J.L. Development of
structure switching aptamer assay for detection of aflatoxin M1 in milk sample. Talanta 2016, 158, 35–41.
[CrossRef]

30. Nguyen, B.H.; Tran, L.D.; Do, Q.P.; Nguyen, H.L.; Tran, N.H.; Nguyen, P.X. Label-free detection of aflatoxin
M1 with electrochemical Fe 3O4/polyaniline-based aptasensor. Mater. Sci. Eng. C. 2013, 33, 2229–2234.
[CrossRef]

31. Srinivasan, S.; Ranganathan, V.; DeRosa, M.C.; Murari, B.M. Comparison of turn-on and ratiometric
fluorescent G-quadruplex aptasensor approaches for the detection of ATP. Anal. Bioanal. Chem. 2019, 411,
1319–1330. [CrossRef]

32. Oueslati, R.; Cheng, C.; Wu, J.; Chen, J. Highly sensitive and specific on-site detection of serum cocaine by a
low cost aptasensor. Biosens. Bioelectron. 2018, 108, 103–108. [CrossRef]

33. Lee, B.H.; Nguyen, V.T.; Gu, M.B. Highly sensitive detection of 25-HydroxyvitaminD 3 by using a
target-induced displacement of aptamer. Biosens. Bioelectron. 2017, 88, 174–180. [CrossRef]

34. Prante, M.; Schüling, T.; Roth, B.; Bremer, K.; Walter, J. Characterization of an Aptamer Directed against
25-Hydroxyvitamin D for the Development of a Competitive Aptamer-Based Assay. Biosensors 2019, 9, 134.
[CrossRef] [PubMed]

35. Abnous, K.; Danesh, N.M.; Ramezani, M.; Emrani, A.S.; Taghdisi, S.M. A novel colorimetric sandwich
aptasensor based on an indirect competitive enzyme-free method for ultrasensitive detection of
chloramphenicol. Biosens. Bioelectron. 2016, 78, 80–86. [CrossRef] [PubMed]

36. De-los-Santos-Álvarez, N.; Lobo-Castañón, M.J.; Miranda-Ordieres, A.J.; Tuñón-Blanco, P. Modified-RNA
aptamer-based sensor for competitive impedimetric assay of neomycin B. J. Am. Chem. Soc. 2007, 129,
3808–3809. [CrossRef] [PubMed]

37. Wang, C.; Zhao, Q. A competitive thrombin-linked aptamer assay for small molecule: Aflatoxin B1.
Anal. Bioanal. Chem. 2019, 411, 6637–6644. [CrossRef] [PubMed]

38. Goud, K.Y.; Hayat, A.; Catanante, G.; Satyanarayana, S.M.; Gobi, K.V.; Marty, J.L. An electrochemical
aptasensor based on functionalized graphene oxide assisted electrocatalytic signal amplification of methylene
blue for aflatoxin B1 detection. Electrochim. Acta 2017, 244, 96–103. [CrossRef]

39. Li, W.; Nie, Z.; Xu, X.; Shen, Q.; Deng, C.; Chen, J.; Yao, S. A sensitive, label free electrochemical aptasensor
for ATP detection. Talanta 2009, 78, 954–958. [CrossRef] [PubMed]

40. Mao, Y.; Fan, T.; Gysbers, R.; Tan, Y.; Liu, F.; Lin, S.; Jiang, Y. A simple and sensitive aptasensor for colorimetric
detection of adenosine triphosphate based on unmodified gold nanoparticles. Talanta 2017, 168, 279–285.
[CrossRef] [PubMed]

41. Zhou, W.; Kong, W.; Dou, X.; Zhao, M.; Ouyang, Z.; Yang, M. An aptamer based lateral flow strip for on-site
rapid detection of ochratoxin A in Astragalus membranaceus. J. Chromatogr. B Anal. Technol. Biomed. Life Sci.
2016, 1022, 102–108. [CrossRef]

42. Taghdisi, S.M.; Danesh, N.M.; Beheshti, H.R.; Ramezani, M.; Abnous, K. A novel fluorescent aptasensor
based on gold and silica nanoparticles for the ultrasensitive detection of ochratoxin A. Nanoscale 2016, 8,
3439–3446. [CrossRef]

43. Tavakkoli, N.; Soltani, N.; Mohammadi, F. A nanoporous gold-based electrochemical aptasensor for sensitive
detection of cocaine. RSC Adv. 2019, 9, 14296–14301. [CrossRef]

44. Chen, X.; Zhou, C.; Guo, X. Ultrasensitive Detection and Binding Mechanism of Cocaine in an Aptamer-based
Single-molecule Device. Chin. J. Chem. 2019, 37, 897–902. [CrossRef]

http://dx.doi.org/10.3390/s100504541
http://www.ncbi.nlm.nih.gov/pubmed/22399891
http://dx.doi.org/10.1016/j.talanta.2016.12.091
http://dx.doi.org/10.1016/j.ab.2019.113461
http://dx.doi.org/10.1016/j.talanta.2016.05.043
http://dx.doi.org/10.1016/j.msec.2013.01.044
http://dx.doi.org/10.1007/s00216-018-1484-x
http://dx.doi.org/10.1016/j.bios.2018.02.055
http://dx.doi.org/10.1016/j.bios.2016.08.011
http://dx.doi.org/10.3390/bios9040134
http://www.ncbi.nlm.nih.gov/pubmed/31766203
http://dx.doi.org/10.1016/j.bios.2015.11.028
http://www.ncbi.nlm.nih.gov/pubmed/26599477
http://dx.doi.org/10.1021/ja0689482
http://www.ncbi.nlm.nih.gov/pubmed/17355135
http://dx.doi.org/10.1007/s00216-019-02037-0
http://www.ncbi.nlm.nih.gov/pubmed/31352501
http://dx.doi.org/10.1016/j.electacta.2017.05.089
http://dx.doi.org/10.1016/j.talanta.2009.01.009
http://www.ncbi.nlm.nih.gov/pubmed/19269456
http://dx.doi.org/10.1016/j.talanta.2017.03.014
http://www.ncbi.nlm.nih.gov/pubmed/28391854
http://dx.doi.org/10.1016/j.jchromb.2016.04.016
http://dx.doi.org/10.1039/C5NR08234J
http://dx.doi.org/10.1039/C9RA01292C
http://dx.doi.org/10.1002/cjoc.201900225


Biosensors 2020, 10, 108 17 of 19

45. Rather, J.A.; Khudaish, E.A.; Kannan, P. Graphene-amplified femtosensitive aptasensing of estradiol,
an endocrine disruptor. Analyst 2018, 143, 1835–1845. [CrossRef] [PubMed]

46. Seok Kim, Y.; Ahmad Raston, N.H.; Bock Gu, M. Aptamer-based nanobiosensors. Biosens. Bioelectron. 2016,
76, 2–19. [CrossRef] [PubMed]

47. Urmann, K.; Modrejewski, J.; Scheper, T.; Walter, J.G. Aptamer-modified nanomaterials: Principles and
applications. BioNanoMaterials 2017, 18. [CrossRef]

48. Schüling, T.; Eilers, A.; Scheper, T.; Walter, J. Aptamer-based lateral flow assays. AIMS Bioeng. 2018, 5, 78–102.
[CrossRef]

49. Sabet, F.S.; Hosseini, M.; Khabbaz, H.; Dadmehr, M.; Ganjali, M.R. FRET-based aptamer biosensor for
selective and sensitive detection of aflatoxin B1 in peanut and rice. Food Chem. 2017, 220, 527–532. [CrossRef]

50. Arshavsky-Graham, S.; Massad-Ivanir, N.; Segal, E.; Weiss, S. Porous Silicon-Based Photonic Biosensors:
Current Status and Emerging Applications. Anal. Chem. 2019, 91, 441–467. [CrossRef]

51. Urmann, K.; Walter, J.-G.; Scheper, T.; Segal, E. Label-Free Optical Biosensors Based on
Aptamer-Functionalized Porous Silicon Scaffolds. Anal. Chem. 2015, 87, 1999–2006. [CrossRef]

52. Urmann, K.; Arshavsky-Graham, S.; Walter, J.G.; Scheper, T.; Segal, E. Whole-cell detection of live:
Lactobacillus acidophilus on aptamer-decorated porous silicon biosensors. Analyst 2016, 141, 5432–5440.
[CrossRef]

53. Urmann, K.; Reich, P.; Walter, J.G.; Beckmann, D.; Segal, E.; Scheper, T. Rapid and label-free detection of
protein a by aptamer-tethered porous silicon nanostructures. J. Biotechnol. 2017, 257, 171–177. [CrossRef]

54. Arshavsky-Graham, S.; Massad-Ivanir, N.; Paratore, F.; Scheper, T.; Bercovici, M.; Segal, E. On Chip Protein
Pre-Concentration for Enhancing the Sensitivity of Porous Silicon Biosensors. ACS Sens. 2017, 2, 1767–1773.
[CrossRef] [PubMed]

55. Omidi Rad, A.; Azadbakht, A. An aptamer embedded in a molecularly imprinted polymer for impedimetric
determination of tetracycline. Microchim. Acta 2019, 186, 56. [CrossRef]

56. Crivianu-Gaita, V.; Thompson, M. Aptamers, antibody scFv, and antibody Fab’ fragments: An overview and
comparison of three of the most versatile biosensor biorecognition elements. Biosens. Bioelectron. 2016, 85,
32–45. [CrossRef] [PubMed]

57. Zhou, L.; Li, D.J.; Gai, L.; Wang, J.P.; Li, Y. Bin Electrochemical aptasensor for the detection of tetracycline
with multi-walled carbon nanotubes amplification. Sens. Actuators B Chem. 2012, 162, 201–208. [CrossRef]

58. Que, X.; Chen, X.; Fu, L.; Lai, W.; Zhuang, J.; Chen, G.; Tang, D. Platinum-catalyzed hydrogen evolution
reaction for sensitive electrochemical immunoassay of tetracycline residues. J. Electroanal. Chem. 2013, 704,
111–117. [CrossRef]

59. Roushani, M.; Shahdost-Fard, F. A highly selective and sensitive cocaine aptasensor based on
covalent attachment of the aptamer-functionalized AuNPs onto nanocomposite as the support platform.
Anal. Chim. Acta 2015, 853, 214–221. [CrossRef]

60. Abdelshafi, N.A.; Bell, J.; Rurack, K.; Schneider, R.J. Microfluidic electrochemical immunosensor for the trace
analysis of cocaine in water and body fluids. Drug Test. Anal. 2019, 11, 492–500. [CrossRef]

61. Xue, F.; Wu, J.; Chu, H.; Mei, Z.; Ye, Y.; Liu, J.; Zhang, R.; Peng, C.; Zheng, L.; Chen, W. Electrochemical
aptasensor for the determination of bisphenol A in drinking water. Springer 2013, 180, 109–115. [CrossRef]

62. Wang, X.; Reisberg, S.; Serradji, N.; Anquetin, G.; Pham, M.C.; Wu, W.; Dong, C.Z.; Piro, B. E-assay concept:
Detection of bisphenol A with a label-free electrochemical competitive immunoassay. Biosens. Bioelectron.
2014, 53, 214–219. [CrossRef]

63. Hayat, A.; Andreescu, S.; Marty, J.L. Design of PEG-aptamer two piece macromolecules as convenient and
integrated sensing platform: Application to the label free detection of small size molecules. Biosens. Bioelectron.
2013, 45, 168–173. [CrossRef]

64. Yang, J.; Gao, P.; Liu, Y.; Li, R.; Ma, H.; Du, B.; Wei, Q. Label-free photoelectrochemical immunosensor for
sensitive detection of Ochratoxin A. Biosens. Bioelectron. 2015, 64, 13–18. [CrossRef] [PubMed]

65. Zhu, B.; Alsager, O.A.; Kumar, S.; Hodgkiss, J.M.; Travas-Sejdic, J. Label-free electrochemical aptasensor for
femtomolar detection of 17β-estradiol. Biosens. Bioelectron. 2015, 70, 398–403. [CrossRef] [PubMed]

66. Zhang, S.; Du, B.; Li, H.; Xin, X.; Ma, H.; Wu, D.; Yan, L.; Wei, Q. Metal ions-based immunosensor for
simultaneous determination of estradiol and diethylstilbestrol. Biosens. Bioelectron. 2014, 52, 225–231.
[CrossRef] [PubMed]

http://dx.doi.org/10.1039/C7AN02092A
http://www.ncbi.nlm.nih.gov/pubmed/29623326
http://dx.doi.org/10.1016/j.bios.2015.06.040
http://www.ncbi.nlm.nih.gov/pubmed/26139320
http://dx.doi.org/10.1515/bnm-2016-0012
http://dx.doi.org/10.3934/bioeng.2018.2.78
http://dx.doi.org/10.1016/j.foodchem.2016.10.004
http://dx.doi.org/10.1021/acs.analchem.8b05028
http://dx.doi.org/10.1021/ac504487g
http://dx.doi.org/10.1039/C6AN00810K
http://dx.doi.org/10.1016/j.jbiotec.2017.01.005
http://dx.doi.org/10.1021/acssensors.7b00692
http://www.ncbi.nlm.nih.gov/pubmed/29164872
http://dx.doi.org/10.1007/s00604-018-3123-9
http://dx.doi.org/10.1016/j.bios.2016.04.091
http://www.ncbi.nlm.nih.gov/pubmed/27155114
http://dx.doi.org/10.1016/j.snb.2011.12.067
http://dx.doi.org/10.1016/j.jelechem.2013.06.023
http://dx.doi.org/10.1016/j.aca.2014.09.031
http://dx.doi.org/10.1002/dta.2515
http://dx.doi.org/10.1007/s00604-012-0909-z
http://dx.doi.org/10.1016/j.bios.2013.09.062
http://dx.doi.org/10.1016/j.bios.2013.01.059
http://dx.doi.org/10.1016/j.bios.2014.08.025
http://www.ncbi.nlm.nih.gov/pubmed/25173733
http://dx.doi.org/10.1016/j.bios.2015.03.050
http://www.ncbi.nlm.nih.gov/pubmed/25845331
http://dx.doi.org/10.1016/j.bios.2013.08.042
http://www.ncbi.nlm.nih.gov/pubmed/24055936


Biosensors 2020, 10, 108 18 of 19

67. Baker, B.R.; Lai, R.Y.; Wood, M.S.; Doctor, E.H.; Heeger, A.J.; Plaxco, K.W. An electronic, aptamer-based
small-molecule sensor for the rapid, label-free detection of cocaine in adulterated samples and biological
fluids. J. Am. Chem. Soc. 2006, 128, 3138–3139. [CrossRef]

68. Zuo, X.; Xiao, Y.; Plaxco, K.W. High specificity, electrochemical sandwich assays based on single aptamer
sequences and suitable for the direct detection of small-molecule targets in blood and other complex matrices.
J. Am. Chem. Soc. 2009, 131, 6944–6945. [CrossRef]

69. Zhang, H.; Jiang, B.; Xiang, Y.; Zhang, Y.; Chai, Y.; Yuan, R. Aptamer/quantum dot-based simultaneous
electrochemical detection of multiple small molecules. Anal. Chim. Acta 2011, 688, 99–103. [CrossRef]

70. Golub, E.; Pelossof, G.; Freeman, R.; Zhang, H.; Willner, I. Electrochemical, photoelectrochemical,
and surface plasmon resonance detection of cocaine using supramolecular aptamer complexes and metallic
or semiconductor nanoparticles. Anal. Chem. 2009, 81, 9291–9298. [CrossRef]

71. Zainol Abidin, A.; Rahim, R.; Md Arshad, M.; Fatin Nabilah, M.; Voon, C.; Tang, T.-H.; Citartan, M. Current
and Potential Developments of Cortisol Aptasensing towards Point-of-Care Diagnostics (POTC). Sensors
2017, 17, 1180. [CrossRef]

72. Kim, Y.S.; Jung, H.S.; Matsuura, T.; Lee, H.Y.; Kawai, T.; Gu, M.B. Electrochemical detection of 17β-estradiol
using DNA aptamer immobilized gold electrode chip. Biosens. Bioelectron. 2007, 22, 2525–2531. [CrossRef]

73. Contreras Jiménez, G.; Eissa, S.; Ng, A.; Alhadrami, H.; Zourob, M.; Siaj, M. Aptamer-based label-free
impedimetric biosensor for detection of progesterone. Anal. Chem. 2015, 87, 1075–1082. [CrossRef]

74. Skouridou, V.; Jauset-Rubio, M.; Ballester, P.; Bashammakh, A.S.; El-Shahawi, M.S.; Alyoubi, A.O.;
O’Sullivan, C.K. Selection and characterization of DNA aptamers against the steroid testosterone.
Microchim. Acta 2017, 184, 1631–1639. [CrossRef]

75. Carothers, J.M.; Goler, J.A.; Kapoor, Y.; Lara, L.; Keasling, J.D. Selecting RNA aptamers for synthetic biology:
Investigating magnesium dependence and predicting binding affinity. Nucleic Acids Res. 2010, 38, 2736–2747.
[CrossRef] [PubMed]

76. Pfeffer, P.; Gohlke, H. DrugScoreRNA - Knowledge-based scoring function to predict RNA - Ligand
interactions. J. Chem. Inf. Model. 2007, 47, 1868–1876. [CrossRef] [PubMed]

77. Zimmermann, G.R.; Jenison, R.D.; Wick, C.L.; Simorre, J.P.; Pardi, A. Interlocking structural motifs mediate
molecular discrimination by a theophylline-binding RNA. Nat. Struct. Biol. 1997, 4, 644–649. [CrossRef]

78. Missailidis, S.; Hardy, A. Aptamers as inhibitors of target proteins. Expert Opin. Ther. Pat. 2009, 19, 1073–1082.
[CrossRef]

79. Lakhin, A.V.; Kazakov, A.A.; Makarova, A.V.; Pavlov, Y.I.; Efremova, A.S.; Shram, S.I.; Tarantul, V.Z.;
Gening, L.V. Isolation and Characterization of High Affinity Aptamers Against DNA Polymerase Iota.
Nucleic Acid Ther. 2012, 22, 49–57. [CrossRef]

80. Gening, L.V.; Klincheva, S.A.; Reshetnjak, A.; Grollman, A.P.; Miller, H. RNA aptamers selected against DNA
polymerase β inhibit the polymerase activities of DNA polymerases β and κ. Nucleic Acids Res. Oxf. Acad.
2006, 34, 2579–2586. [CrossRef]

81. Mendonsa, S.D.; Bowser, M.T. In Vitro Evolution of Functional DNA Using Capillary Electrophoresis. J. Am.
Chem. Soc. 2004, 126, 20–21. [CrossRef]

82. Jing, M.; Bowser, M.T. Tracking the emergence of high affinity aptamers for rhVEGF165 during capillary
electrophoresis-systematic evolution of ligands by exponential enrichment using high throughput sequencing.
Anal. Chem. 2013, 85, 10761–10770. [CrossRef]

83. Eissa, S.; Siddiqua, A.; Chinnappan, R.; Zourob, M. Electrochemical SELEX Technique for the Selection of
DNA Aptamers against the Small Molecule 11-Deoxycortisol. ACS Appl. Bio Mater. 2019, 2, 2624–2632.
[CrossRef]

84. Stoltenburg, R.; Nikolaus, N.; Strehlitz, B. Capture-SELEX: Selection of DNA Aptamers for Aminoglycoside
Antibiotics. J. Anal. Methods Chem. 2012, 2012, 14. [CrossRef] [PubMed]

85. McKeague, M.; DeRosa, M.C. Challenges and Opportunities for Small Molecule Aptamer Development.
J. Nucleic Acids 2012, 2012, 748913. [CrossRef] [PubMed]

86. Ruscito, A.; DeRosa, M.C. Small-Molecule Binding Aptamers: Selection Strategies, Characterization, and
Applications. Front. Chem. 2016, 4, 14. [CrossRef] [PubMed]

87. McKeague, M.; De Girolamo, A.; Valenzano, S.; Pascale, M.; Ruscito, A.; Velu, R.; Frost, N.R.; Hill, K.;
Smith, M.; McConnell, E.M.; et al. Comprehensive Analytical Comparison of Strategies Used for Small
Molecule Aptamer Evaluation. Anal. Chem. 2015, 87, 8608–8612. [CrossRef]

http://dx.doi.org/10.1021/ja056957p
http://dx.doi.org/10.1021/ja901315w
http://dx.doi.org/10.1016/j.aca.2010.12.017
http://dx.doi.org/10.1021/ac901551q
http://dx.doi.org/10.3390/s17051180
http://dx.doi.org/10.1016/j.bios.2006.10.004
http://dx.doi.org/10.1021/ac503639s
http://dx.doi.org/10.1007/s00604-017-2136-0
http://dx.doi.org/10.1093/nar/gkq082
http://www.ncbi.nlm.nih.gov/pubmed/20159999
http://dx.doi.org/10.1021/ci700134p
http://www.ncbi.nlm.nih.gov/pubmed/17705464
http://dx.doi.org/10.1038/nsb0897-644
http://dx.doi.org/10.1517/13543770903042337
http://dx.doi.org/10.1089/nat.2011.0324
http://dx.doi.org/10.1093/nar/gkl326
http://dx.doi.org/10.1021/ja037832s
http://dx.doi.org/10.1021/ac401875h
http://dx.doi.org/10.1021/acsabm.9b00294
http://dx.doi.org/10.1155/2012/415697
http://www.ncbi.nlm.nih.gov/pubmed/23326761
http://dx.doi.org/10.1155/2012/748913
http://www.ncbi.nlm.nih.gov/pubmed/23150810
http://dx.doi.org/10.3389/fchem.2016.00014
http://www.ncbi.nlm.nih.gov/pubmed/27242994
http://dx.doi.org/10.1021/acs.analchem.5b02102


Biosensors 2020, 10, 108 19 of 19

88. Slavkovic, S.; Altunisik, M.; Reinstein, O.; Johnson, P.E. Structure-affinity relationship of the cocaine-binding
aptamer with quinine derivatives. Bioorganic Med. Chem. 2015, 23, 2593–2597. [CrossRef]

89. Seidel, S.A.I.; Dijkman, P.M.; Lea, W.A.; van den Bogaart, G.; Jerabek-Willemsen, M.; Lazic, A.; Joseph, J.S.;
Srinivasan, P.; Baaske, P.; Simeonov, A.; et al. Microscale thermophoresis quantifies biomolecular interactions
under previously challenging conditions. Methods 2013, 59, 301–315. [CrossRef]

90. Svobodová, M.; Skouridou, V.; Botero, M.L.; Jauset-Rubio, M.; Schubert, T.; Bashammakh, A.S.;
El-Shahawi, M.S.; Alyoubi, A.O.; O’Sullivan, C.K. The characterization and validation of 17β-estradiol
binding aptamers. J. Steroid Biochem. Mol. Biol. 2017, 167, 14–22. [CrossRef]

91. Entzian, C.; Schubert, T. Studying small molecule-aptamer interactions using MicroScale Thermophoresis
(MST). Methods 2016, 97, 27–34. [CrossRef]

92. Schax, E.; Lönne, M.; Scheper, T.; Belkin, S.; Walter, J.G. Aptamer-based depletion of small molecular
contaminants: A case study using ochratoxin A. Biotechnol. Bioprocess Eng. 2015, 20, 1016–1025. [CrossRef]

93. Uehara, S.; Shimada, N.; Takeda, Y.; Koyama, Y.; Takei, Y.; Ando, H.; Satoh, S.; Uno, A.; Sakurai, K.
3′ Poly(dA)-Tailed Thrombin DNA Aptamer to Increase DNase-Resistance and Clotting Inhibitory Activity.
Bull. Chem. Soc. Jpn. 2008, 81, 1485–1491. [CrossRef]

94. Dougan, H.; Lyster, D.M.; Vo, C.V.; Stafford, A.; Weitz, J.I.; Hobbs, J.B. Extending the lifetime of anticoagulant
oligodeoxynucleotide aptamers in blood. Nucl. Med. Biol. 2000, 27, 289–297. [CrossRef]

95. Walter, J.-G.; Eilers, A.; Alwis, L.S.M.; Roth, B.W.; Bremer, K. SPR Biosensor Based on Polymer Multi-Mode
Optical Waveguide and Nanoparticle Signal Enhancement. Sensors 2020, 20, 2889. [CrossRef] [PubMed]

96. Bremer, K.; Walter, J.; Roth, B. Optical Waveguide Based Surface Plasmon Resonance Sensor System for
Smartphones. Imaging Appl. Opt. 2016.

97. Piro, B.; Shi, S.; Reisberg, S.; Noël, V.; Anquetin, G. Comparison of electrochemical immunosensors and
aptasensors for detection of small organic molecules in environment, food safety, clinical and public security.
Biosensors 2016, 6, 7. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.bmc.2015.02.052
http://dx.doi.org/10.1016/j.ymeth.2012.12.005
http://dx.doi.org/10.1016/j.jsbmb.2016.09.018
http://dx.doi.org/10.1016/j.ymeth.2015.08.023
http://dx.doi.org/10.1007/s12257-015-0486-1
http://dx.doi.org/10.1246/bcsj.81.1485
http://dx.doi.org/10.1016/S0969-8051(99)00103-1
http://dx.doi.org/10.3390/s20102889
http://www.ncbi.nlm.nih.gov/pubmed/32443702
http://dx.doi.org/10.3390/bios6010007
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Small Molecule Targets 
	Biosensors 
	Aptasensors 
	Sandwich or Sandwich-Like Mode 
	Target-Induced Structure Switching (TISS) Mode 
	Target-Induced Dissociation (TID) Mode 
	Competitive Replacement (CR) Mode 
	Applicability of the Different Aptasensor Modes for the Detection of Small Molecules 
	Integration of Nanomaterials 

	Comparison of Aptasensors and Immunosensors for Small Molecule Sensing 
	Current Status of Aptasensors for the Detection of Small Molecules in Health Monitoring 
	Challenges in the Detection of Small Molecules Using Aptasensors 
	General Challenges 
	SELEX-Related Challenges 
	Challenges regarding Kd Determination 

	Aptamers in Point-of-Care Testing (POCT) 
	Conclusions and Future Prospects 
	References

