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Abstract

Diagnostic assays are commonly performed in central laboratories. They rely on
sophisticated analytical methods requiring expensive and bulky equipment as well as
highly trained personnel. On the other hand, point of care offers an alternative for fast
turnaround, simple and affordable diagnostics, thus enabling early medical intervention
and a better clinical outcome. So far, point of care has failed to deliver on the small
molecules front. This is due to the fact that most point of care assays are based on
immunoassays. Based on antibodies, the quantification of small molecules remains a
challenge due to their intrinsic properties and the unavailability of different binding epi-
topes. This limits available formats to competitive assay with its associated drawbacks
e.g. inversely proportional signal and difficulty of labeling target molecules. In contrast,
aptamers offer alternative detection formats that could enable the design of point of care
for small molecules. Nevertheless, previous approaches lacked the required simplicity,
sensitivity, multiplexing, or high-throughput. Although the first two are considered basic
requirements, they are dependent and usually, a compromise has to be made on either.
Building on this, this work aimed to tackle these bottlenecks through different strategies.

In the first project, aptamers were combined with a qPCR instrument for a bench-top
high-throughput method for small molecules. Through measuring the melting point of
the aptamer beacons, a quantification of ethanolamine was possible. Unlike ELISA and
other antibody-based approaches, there are no washing or blocking steps. This is the
first report on the quantification of small molecules based on measuring aptamer melting
temperatures. Binding to the target results in a structure stabilization and a correspond-
ing increase in the melting temperature. While the assay offers a high-throughput and
sensitivity, it still is relatively complex in comparison to hand-held point of care (POC)
assays. Therefore, my second project was focused on a hand-held POC with no readout
devices necessary.

In the second project, the focus was to design a simple yet sensitive platform for
small molecules (e.g. ethanolamine) in a low resource setting. To this aim, magnetic
particles were functionalized with ethanolamine binding aptamers and used in a plastic
capillary platform. The assay was based on the strand displacement format and 3 layers
were built on the capillary surface. Firstly, the capillaries were coated with a layer of
anchoring oligonucleotides. To this layer aptamer-magnetic particles were hybridized
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resulting in the second layer. Additionally, to avoid free aptamers (i.e. not hybridized),
oligonucleotide-magnetic particles were hybridized to the aptamers facing away from
the capillary surface. When an ethanolamine containing sample is introduced, the mag-
netic particles are displaced and collected using a permanent magnet. This resulted in
a visually detectable magnetic spot. The combination of simplicity and visual detection
make this assay ideal for low resource settings.

While the first two platforms are theoretically capable of multiplexing, this remains
experimentally challenging. For the qPCR instrument based method, one will need ap-
tamers with significantly different melting temperatures. Alternatively, indirect multi-
plexing could be achieved through the use of short beacons competing for the target
binding site. However, this requires full characterization of the aptamer’s binding struc-
ture. On the other hand, the capillary platform will need color coding of the magnetic
particles. This is experimentally challenging giving the present technologies. Based on
the previous, the third project aimed at developing a POC with multiplexing capabilities.
Accordingly, a duplex LFA was designed to quantify interleukin 6 (IL-6) and thrombin
simultaneously. The platform consisted of red-emitting QD-thrombin binding aptamer
and green-emitting QD-IL-6 binding antibody, combined with a lateral flow with a strep-
tavidin test line and anti-mouse antibody as a control line. The readout setup based on
a smartphone combined with a 3D-printed dark box with a built-in UV light. This en-
abled detecting both analytes on the same test line without the need for physical emission
filters.
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Kurzfassung

Diagnostische Tests werden iiblicherweise in zentralen Labors durchgefiihrt. Sie stiitzen
sich auf hochentwickelte Analysemethoden, die teure und sperrige Gerite sowie hoch-
qualifiziertes Personal erfordern. Andererseits bietet der Point-of-Care eine Alternati-
ve fiir eine schnelle, einfache und erschwingliche Diagnostik und erméglicht so eine
friihzeitige medizinische Intervention und ein besseres klinisches Ergebnis. Bislang hat
das Point-of-Care-System an der Front der kleinen Molekiile versagt. Dies ist darauf
zuriickzufiihren, dass die meisten Point-of-Care-Assays auf Immunoassays basieren. Die
Quantifizierung von kleinen Molekiilen auf der Basis von Antikdrpern bleibt aufgrund
ihrer intrinsischen Eigenschaften und der Nichtverfiigbarkeit verschiedener Bindungs-
epitope eine Herausforderung. Dies beschrinkt die verfiigbaren Formate auf kompetitive
Assays mit den damit verbundenen Nachteilen, z.B. umgekehrt proportionales Signal
und Schwierigkeit der Markierung von Zielmolekiilen. Im Gegensatz dazu bieten Apt-
amere alternative Detektionsformate, die die Gestaltung von Point-of-Care fiir kleine
Molekiile ermdglichen konnten. Dennoch fehlte den bisherigen Ansitzen die erforderli-
che Einfachheit, Sensitivitdt, Multiplexing oder Hochdurchsatz. Obwohl die ersten bei-
den als Grundvoraussetzungen betrachtet werden, sind sie voneinander abhingig und
in der Regel muss bei beiden ein Kompromiss eingegangen werden. Darauf aufbauend
zielte diese Arbeit darauf ab, diese Engpésse durch verschiedene Strategien anzugehen.

Im ersten Projekt wurden Aptamere mit einem qPCR-Instrument fiir ein Bench-Top-
Hochdurchsatzverfahren fiir kleine Molekiile kombiniert. Durch die Messung des Schmelz-
punktes der Aptamer-Beacons war eine Quantifizierung von Ethanolamin moglich. Im
Gegensatz zum ELISA und anderen antikdrperbasierten Ansétzen gibt es keine Wasch-
oder Blockierungsschritte. Dies ist der erste Bericht {iber die Quantifizierung von klei-
nen Molekiilen auf der Grundlage der Messung der Aptamer-Schmelztemperaturen. Die
Bindung an das Target fiihrt zu einer Stabilisierung der Struktur und einer entsprechen-
den Erhohung der Schmelztemperatur. Obwohl der Assay einen hohen Durchsatz und
eine hohe Empfindlichkeit bietet, ist er im Vergleich zu handgehaltenen Point-of-Care
(POC)-Assays immer noch relativ komplex. Daher konzentrierte sich mein zweites Pro-
jekt auf einen handgehaltenen POC, fiir den keine Auslesegerite erforderlich sind.

Im zweiten Projekt lag der Schwerpunkt auf der Entwicklung einer einfachen, aber
empfindlichen Plattform fiir kleine Molekiile (z.B. Ethanolamin) in einem ressourcenar-
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men Umfeld. Zu diesem Zweck wurden magnetische Partikel mit Ethanolamin-bindenden
Aptameren funktionalisiert und in einer Kunststoff-Kapillar-Plattform verwendet. Der
Assay basierte auf dem Strangverdringungsformat und auf der Kapillaroberfliche wur-
den 3 Schichten aufgebaut. Zuerst wurden die Kapillaren mit einer Schicht aus veran-
kernden Oligonukleotiden beschichtet. An diese Schicht wurden Aptamer-Magnetpartikel
hybridisiert, wodurch die zweite Schicht entstand. Um freie (d.h. nicht hybridisierte)
Aptamere zu vermeiden, wurden zusitzlich Oligonukleotid-magnetische Partikel an die
von der Kapillaroberflache abgewandten Aptamere hybridisiert. Wenn eine ethanolamin-
haltige Probe eingefiihrt wird, werden die magnetischen Partikel verdringt und mit ei-
nem Permanentmagneten aufgefangen. Dies fiihrte zu einem visuell erkennbaren magne-
tischen Fleck. Durch die Kombination von Einfachheit und visueller Detektion ist dieser
Assay ideal fiir den Einsatz bei geringen Ressourcen geeignet.

Obwohl die ersten beiden Plattformen theoretisch in der Lage sind, multiplexen zu
konnen, bleibt dies experimentell herausfordernd. Fiir die auf dem qPCR-Instrument ba-
sierende Methode benotigt man Aptamere mit signifikant unterschiedlichen Schmelz-
temperaturen. Alternativ konnte indirektes Multiplexing durch die Verwendung von kur-
zen Beacons erreicht werden, die um die Zielbindungsstelle konkurrieren. Dies erfordert
jedoch eine vollstindige Charakterisierung der Bindungsstruktur des Aptamers. Auf der
anderen Seite wird die Kapillarplattform eine Farbkodierung der magnetischen Partikel
benotigen. Dies ist bei den derzeitigen Technologien experimentell eine Herausforde-
rung. Auf der Grundlage des vorhergehenden, zielte das dritte Projekt auf die Entwick-
lung eines POC mit Multiplexing-Féhigkeiten ab. Dementsprechend wurde ein Duplex-
LFA entworfen, um Interleukin 6 (IL-6) und Thrombin gleichzeitig zu quantifizieren. Die
Plattform bestand aus rot-emittierendem QD-Thrombin-bindendem Aptamer und griin
emittierendem QD-IL-6-bindendem Antikorper, kombiniert mit einem Lateral Flow mit
einer Streptavidin-Testlinie und Anti-Maus-Antikorper als Kontrolllinie. Der Auslese-
aufbau basiert auf einem Smartphone, kombiniert mit einer 3D-gedruckten dunklen Box
mit eingebautem UV-Licht. Dies ermoglichte den Nachweis beider Analyten auf dersel-
ben Testlinie, ohne dass physikalische Emissionsfilter erforderlich waren.
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Chapter 1

Introduction

1.1 Background

There is a great demand for point of care platforms that are simple, sensitive and with
multiplexing capabilities. Advances in the single components and the readout technology
has failed to deliver on one or more fronts e.g. simplicity, sensitivity or throughput. This
is usually due to the limitations imposed by the biological components in the platform.
Although, monoclonal antibodies have provided high affinity molecular recognition ele-

ment, yet the detection sensitives are majorly governed by the assay format.

Small molecules are a specially challenging target for simple point of care platforms.
Their small size combined with the availability of only one binding epitope limits the
immunoassay formats to a competitive assay. On the other hand, aptamers offer an alter-

native and unlimited possibilities for small molecules assay design.

In this dissertation, aptamers were used to design non conventional point of care as-
say platforms with focus on small molecules. This chapter will introduce the important
components of point of care platforms as well as the bottlenecks and how this work

contributes to solving them.



1.1.1 Small Molecules

There is no concrete description of the size and molecular weight limit of a certain
molecule, in the literature, for it to be considered a small molecule. This depends mainly
on the field of application where the molecules are being used!. According to (Ward
et al., and Vanholder et al.),>? small molecules are “organic, non-peptide compounds”.
However the criteria stated by (Dunn)* for small molecules are: first, “it is not directly
encoded by the genome”, second “ it is synthesized by specific enzymes” and third “it
is non polymeric”. As for the molecular weight, the upper limits vary from 500 to 1000
Da*7. Nevertheless, small molecules such as amino acids, lipids and sugars are of
great importance in different aspects of disease pathology, treatment and are invaluable
biomarkers. However, their detection and quantification using conventional immunoas-
says remains challenging owing to their innate properties e.g. small size, toxicity and the

availability of only one epitope.

1.1.2 Point of care

Common approaches for the detection and quantification of biomarkers are dependent
on central laboratories. They are mostly based on sophisticated instruments combined
with highly trained personnel. Thus providing precise data for a better clinical decision
and outcome. However, they are not suitable for on site analysis or when a fast turn
around time is needed®. On the other hand, point of care tests were developed to over-
come these limitations. Point of care testing refers to “a diagnostic test that is performed
near the patient or treatment facility, has a fast turnaround time, and may lead to a change
in patient management”®. Eventually providing faster results with no or minimum device

requirements %13,

Lateral flow assays are the most commonly used POC devices e.g. pregnancy test.
Lateral flow (immuno)assays (LF(I)As) are a class of immunochromatographic paper
based assays. LFAs are simple, fast and cost efficient diagnostic tools. They have been
developed for a variety of applications and targets including infectious agents (influenza
viruses), metabolite disorders (diabetes), toxins (aflatoxin) and drugs (cocaine) as re-
viewed in'®. LFAs generally consist of a sample pad, a conjugate pad, a detection area,

and an absorbent pad. The detection area contains control and test lines with immobi-

lized molecular recognition elements'’. The molecular recognition element as well as



the assay format dictates the performance of a given LFA 1819,

1.1.3 Molecular recognition and assay formats

The sensitive detection of a target molecule requires a molecular recognition element
(MRE) with high affinity and specificity. Antibodies are the most commonly used molec-
ular recognition element?’. Their obvious advantages and variable assay formats they
offer led to their implementation in various biosensors. LFAs are mostly designed using
monoclonal antibodies in either a sandwich or a competitive format. However, in case
of small molecules the format is limited to a competitive assay. Moreover, antibodies
cannot be raised against toxic or non-immunogenic targets. This motivated the search
for new MREs. Eventually in 19902122, aptamers and their selection process (SELEX)

were described.

Sandwich assay
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Test line Control line

Figure 1.1: Schematic showing the sandwich and the competitive LFA format. Created with BioRen-
der.com.



1.1.4 Aptamers

Aptamers are short DNA/RNA sequences capable of binding to targets with high
specificity and affinity. They are selected in-vitro through a systematic evolution of lig-
ands by exponential enrichment?'?>?. Although aptamers function similar to antibodies,
they offer various advantages see table 1.1. Since their discovery, various aptamers have
been selected against various targets e.g. proteins, metal ions, toxins, small molecules,

viruses, bacteria and cells 2329,

Table 1.1: Comparison between aptamers and antibodies as reviewed in2"-?8.

Aptamers Antibodies
Production In-vitro In-vivo
Quality No batch-to-batch variation | Batch-to-batch-variation
Target From ions to cells Immunogenic molecules
Stability Thermally stable Thermally unstable
Denaturation Reversible Irreversible
Size 6-30 kDa 150-180 kDa
Modifications Easily modifiable May lead to loss of activity

Ethanolamine binding aptamers

Ethanolamine is a small (61.08 g/mol) primary organic amine. It is essential for mam-
malian life as it forms the head of phosphatidylethanolamine (PE) and other lipids2°.
It is present as free mono-ethanolamine (MEA) in blood at varying concentrations (0-
12 uM)3Y. Nevertheless, mammals cannot de novo synthesize MEA and only obtain it
from their diet. Ethanolamine is linked with different biological and pathological pro-
cesses and conditions. It can reverse low serum induced apoptosis>!, stimulate hepa-
tocytes growth and proliferation in cell culture3? and induce a cardio-protective effect
by activating STAT-3%3. On the other hand, it has a role in various diseases such as

Alzheimer’s 34, depression and bipolar disorder3’ and Parkinson’s disease3°. Moreover,



ethanolamine is toxic either through inhalation or upon skin contact®’. Due to its small
size and high polarity, MEA is difficult to separate using chromatographic techniques.
This in turn hampers the development of a direct LC/MS quantification method 8. Ad-
ditionally no antibodies could be raised against MEA due to the lack of immunogenicity.

This motivated the selection and optimization of a free MEA binding aptamer>°.

The ethanolamine binding aptamer initially selected by Mann et al. is a 96 nucleotide
DNA aptamer. It Post SELEX optimization lead to shorter variants of the aptamer (16-42
nt)3® without compromising the affinity (Kd = 9.6 nM for the 96 nt and the 42 nt) . The
ethanolamine aptamers have been studied extensively and the binding structure**#! as
well as the specificity*? have been well characterized. The G rich aptamer folds into a
parallel G-quadruplex conformation. Based on this knowledge, different ethanolamine
aptamer sensors have been described to date384%43 Although very sensitive, most of
these approaches were incompatible for a POC. table 1.2 shows the developed assays.
Although the described assays are very sensitive, they still suffered from some limita-
tions. The microarray developed by Heilkenbrinker et al.* used a strand displacement
format combined with fluorescence readout. The assay was very sensitive, yet it needed
18 hours incubation time. On the other hand, the label free sensor based on electro-

chemical impedance developed by Liang et al.*?

needs only 1 hour to detect as low as
0.08 nM of MEA. Nevertheless, the sensor is quite complex and not suitable for low
resource POC. Another assay made use of gold nanoparticles and strand displacement to

indirectly detect MEA using LC/MS. However, LC/MS is not suitable as a POC.

Table 1.2: Summary of the assays described in the literature for MEA adapted from **

Method Readout LOD/ Incubation time | Linear range
Strand displacement Fluorescence 10 pM/18 hours -
Microarray

Electrochemical Electrochemical 0.08 nM/1 hour 0.16-16 nM

impedance spectroscopy

Indirect LC/MS LC/MS 1.2 nM - 5-5000 nM




Thrombin binding aptamers

Thrombin is a serine protease that plays an important role in hemostasis. It is the only
enzyme that can cleave fibrinogen to insoluble fibrin. On the other hand, thrombin has a
role as an anticoagulant in presence of thrombomodulin®’. On the structural level, throm-
bin has an active catalytic site and two anion binding sites “exosites”*®. These exosites
finely modulate the thrombin function providing the high specificity of the proteolytic
protein activity*’. Although there are various synthetic antithrombin molecules, throm-
bosis and thromboembolism remains one of the major cause of disability and mortality*8.

This in term motivated the development of various thrombin binding apatmers*°-!.

Exosite I Thrombin binding aptamer (TBA) is a 15mer DNA aptamer that was se-
lected in 1992 to bind thrombin®. TBA has been studied extensively through NMR

spectroscopy >7-60 61-63

and x-ray crystallography These studies revealed the unique
free and binding structure of TBA with high precision. TBA assumes an antiparallel G-
quadruplex chair like structure. This structure was found to be preserved in the binding
complex (fig. 1.2). TBA binds to thrombin’s fibrinogen binding exosite I*%*. This infor-
mation enabled other groups to select aptamers binding to thrombin’s exosite I (HD22)
(fig. 1.3)>°. Interestingly most of the thrombin binding aptamers were developed for
therapeutic applications. However, their extensive characterization lead to them being

used as a model in various biosensors implementing aptamers>".



Figure 1.2: X-ray structure of the complex between human alpha thrombin and thrombin binding aptamer.
Image generated by PyMOL 32 using the PDB > entry 4DIT>*.

Figure 1.3: X-ray structure of human alpha thrombin in complex with HD22 aptamer bound to exosite II.
Image generated by PyMOL 3 using the PDB > entry 417Y .



1.2 Research focus

The performance of POC still have not met the expected simplicity, sensitivity, speci-
ficity, multiplexing and throughput. The advances achieved in the technological com-
ponents was hampered by limitations imposed by the biological ones (MRE). The in-
troduction of aptamers offers an alternative MRE that offer new assay formats to fully
meet the needs of POC. This can be achieved by making use of the aptamer conforma-
tional changes upon target binding. Various aptamer-based sensors have been described
for protein detection®. On the other hand, aptamer based POC for small molecules are
complex and based on sophisticated detection devices?+6>%. Moreover, they require
various steps including washing and blocking steps?*. In this research, different strate-
gies were used to tackle the drawbacks and limitations of small molecules’ POC. Namely,
the simplicity, sensitivity, specificity, multiplexing and throughput. To this aim, model
targets with corresponding well characterized aptamers were implemented in different

assay formats.

1.2.1 An aptamer based thermofluorimetric assay for ethanolamine

This project aimed on the development of a small molecule assay that is simple, sen-
sitive combined with high-throughput. To achieve this, instrumental analysis is a must.
However, most ELISA based assays suffer from various limitations for small molecules
detection including tedious washing and blocking steps as well as the need to label the
analyte or immobilized it. Here, the assay was based on the aptamer conformational
changes induced by target binding. Ethanolamine was chosen as an example target
molecule combined with the ethanolamine binding aptamer. The assay is based on mea-
suring the target dependent shift in the aptamer melting temperature using a qPCR instru-
ment. To achieve this, a stem loop structure was designed from the ethanolamine binding
aptamer (42 nt) by truncating it to 31 nt. This aptamer was further modified by adding a
fluorophore and a quencher to form an aptamer beacon. The presence of ethanolamine
would lead to stabilization of the folded structure and consequently to a shift in the melt-
ing temperature. Thus allowing the quantification of as low as 1.5 nM ethanolamine
using only 2 uL. sample. This assay provides the high-throughput and sensitivity for a

transfer to a POC. However, the assay is not yet simple enough for low resource settings.



1.2.2 Data for homogeneous thermofluorimetric assays for ethanolamine

using aptamers and a PCR instrument

This article describes the methods and data analysis approaches used to develop the
thermofluorimetric assay in the first project. An aptamer beacon was designed and the
secondary structure was simulated using mfold. Furthermore, different structurally sim-
ilar targets were tested. The beacons were further compared to intercalating dyes e.g.
SYBR green. The data could be used to reproduce the experimental approach or develop

other platforms using aptamers.

1.2.3 Visual aptamer-based capillary assay for ethanolamine using

magnetic particles and strand displacement

The aim of this project was to introduce a simpler and faster assay compared to the
thermofluorimetric assay. However, this meant that the assay should be performed with-
out the need of any instruments. This in turn meant that the throughput will have to
be compromised. Therefore, this project aimed for higher specificity and applicability
to real sample analysis. To this aim, a visual capillary based assay for ethanolamine
(EA) was designed. The capillary tubes are coated with three layers in this order (a)
short oligonucleotides complementary to the aptamer (EA-comp.); (b) magnetic par-
ticles (Dynabeads) coated with EA-binding aptamer (EA-aptamer), and (c)lastly with
short oligonucleotide-coated magnetic particles (EA-comp.). This was to make sure that
ethanolamine binding will lead to a displaced magnetic particle. Ethanolamine binding
leads to displaced magnetic particles. The realeased particles are collected using a per-
manent magnet forming brown/black spot proportional to the EA amount in the sample.
The assay had a visual limit of detection of 5 nM in buffer, spiked serum samples and
tap water samples. The simplicity of this platform as well as the need for only 5 minutes

of incubation and no readout device makes it ideal as a POC for small molecules.

1.2.4 Combining aptamers and antibodies: lateral flow quantification for

thrombin and interleukin-6 with smartphone readout

The third project aimed at developing a POC with multiplexing capabilities. There-
fore, a duplex LFA for IL-6 and Thrombin was designed. This platform combined ap-



tamers and antibodies to simultaneously detect two clinically relevant targets. In this
assay two different quantum dots (QD) were used. A red emitting QD was conjugated to
the thrombin binding aptamer (TBA) and a green emitting QD was conjugated to anti hu-
man IL-6 monoclonal antibody (mouse). This was combined with corresponding biotin
labelled thrombin aptamer (HD22) and a biotin labelled IL-6 antibody. The lateral flow
had a streptavidin test line and an anti-mouse antibody. In presence of IL-6 or thrombin,
signal will be detected on the test line due to sandwich formation and subsequent attach-
ment through the biotin labeled detection molecule. Additionally excess green emitting
IL-6 QDs will be captured by the anti-mouse antibody forming a green signal on the con-
trol line. The readout system is based on a smartphone combined with a dark box with
built in UV light. Images captured by the smartphone could either be quantified using
an application or visually inspected by splitting RGB components. The performance of
the smartphone based readout system is comparable to the Biolmager (Analytik Jena).
The assay was able to detect IL-6 and thrombin in spiked serum samples with an LOD
of 0.625 and 2 pmole respectively, providing a simple platform for duplex quantification

of clinically relevant biomarkers.
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Chapter 2

An aptamer based thermofluorimetric

assay for ethanolamine

Status: Published

Reprinted (adapted) with permission from Mahmoud M, Laufer S, Deigner H-P. An ap-

tamer based thermofluorimetric assay for ethanolamine. Biochimie. 2019;158:233-7.

© 2019 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM).
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There is a great need for fast, simple and precise diagnostic assays capable of direct quantification of
biomarkers in complex biological matrices. Yet, the commonly used techniques such as ELISA/Immu-
noassays are tedious and involve various steps e.g. blocking, washing and signal development. Moreover,
most of these assays have very limited ability of detecting small molecules and have hardly any multi-
plexing capabilities. The gold standard and alternative, mass-spectrometry, however, depends upon
expensive hardware and is incompatible with point of care (POC) diagnostics. As opposed to POC assays
for proteins or larger targets where variable formats are readily available.

Here, we present a simple, versatile and fast one-step assay for detecting a small molecule, ethanol-
amine as example. The assay makes use of commonly available qPCR machines to detect target-
concentration dependent shifts in the melting temperatures of aptamer beacons. The method allows
detection of ethanolamine in the low nM range without requiring tedious elaboration of assay conditions
as required for molecular beacons at room temperature. If generalizable, it may change the situation of
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small molecule assays significantly.
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1. Introduction

The reliable detection and quantification of small molecules,
such as metabolites and signalling molecules found endogenously
in living organisms or toxins as well as contaminants found in the
environment, independent of HPLC and mass spectrometry re-
mains a challenge. The use of HPLC systems requires expensive
equipment and well-trained personnel. On the other hand, bio-
sensors or assays based on antibodies for small molecules lack the
high throughput and suffer from drawbacks usually associated with
the assay format e.g. lack of immunogenicity, the need for labelling
in competitive formats or the requirement for two binding epitopes
for sandwich formats [1]; these requirements, however, are hardly
compatible with small molecule targets. In contrast, aptamer-based
biosensors can address these drawbacks. They are advantageous
over antibodies in terms of cost, stability, reversibility of

* Corresponding author. Furtwangen University, Institute of Precision Medicine,
Jakob-Kienzle-StraBe 17, 78054, Villingen-Schwenningen, Germany.
E-mail  addresses:  deigner@hs-furtwangen.de,  hans-peter.deigner@hs-
furtwangen.de (H.-P. Deigner).
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denaturation, sensitivity, and specificity [2]. Methods based on
aptamers for protein detection and quantification vary a lot and
offer various approaches such as fluorescence sensors, electro-
chemical sensors, aptamer arrays and aptamer-gold nanoparticles
sensors [3]. Further developments in protein label-free detection
include methods based on surface plasmon resonance (SPR) [4,5]
and quartz crystal microbalance (QCM) [6]. However, due to dif-
ference in mass and size, most aptamer-based biosensors for small
molecules mentioned in the literature need a complex setup and a
sophisticated detection method to achieve high throughput per-
formance [2,3,7]. Moreover, they usually require immobilization of
aptamers and/or washing and incubation steps [3].

Aptamers are RNA/DNA sequences capable of binding to target
molecules specifically and with high affinity. They were first
introduced in 1990 [8] through an in-vitro selection process known
as systemic evolution of ligands by exponential enrichment
(SELEX). Various aptamers against small molecules have been re-
ported in the literature [9]. The uniqueness of aptamers relates to
conformational changes associated with binding. Aptamers adopt
different conformational structures based on internal base pairings
e.g. stem loops, G-quadruplexes and pseudoknots [10]. These

0300-9084/© 2019 Elsevier B.V. and Société Frangaise de Biochimie et Biologie Moléculaire (SFBBM). All rights reserved.
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structures are either stabilized or destructed upon target binding.
Indeed, this feature of nucleic acids has been used to design mo-
lecular beacons to signal the presence of specific target nucleic acid
sequence [11]. Based on this concept, Hamaguchi et al. [12] devel-
oped an aptamer beacon where target induced conformational
change enabled detection and quantification of thrombin using a
fluorophore on one end of the hairpin structure and a quencher on
the other [12]. This homogeneous assay format does not require
immobilization of the biorecognition molecules on solid support
thus evading the dependence on the relatively slow diffusion ki-
netics faced by common bioassays but driving the bioreaction by its
fast binding kinetics [ 13]. One of the major drawbacks faced by solid
phase assays and biosensors, the dependence on mass transport
rather than the fast assay kinetics [14].

Differential scanning fluorimetry has been used to identify low-
molecular-weight ligands that bind and stabilize purified proteins
[15] and the governing thermodynamics has been extensively
studied [16]. It has been recently shown [17,18] that quantifying
proteins using thermofluorimetric analysis is possible. The method,
however, depends on a DNA intercalating dye as a reporter mole-
cule e.g. SYBR green. SYBR green has associated drawbacks and
limitations which include the shift of melting temperature of the
DNA depending on the dye concentration and preferential binding
to DNA fragments with higher GC content [19,20]. SYBR green is
also known to compete with target binding leading to imprecise
estimation of the melting temperature. This competition of SYBR
green and similar intercalating dyes, has been applied to target
quantification through fluorescence signal change upon target
binding [20—23]. Notably, quantification here is through the fluo-
rescence signal and peak height and not through the melting
temperature shift. A similar principle has been applied for the
quantification of cyclic adenosine monophosphate with an
antibody-oligonucleotide [24] construct.

In this work, we present a simple and sensitive method for the
detection and quantification of ethanolamine based on the shift of
the melting temperature of aptamer beacons. The presence of the
target leads to either stabilization of the aptamer structure leading
to a shift in the melting temperature. The method can be combined
with any qPCR machine capable of capturing a melting profile and
yields fast results within minutes of analysis time. In comparison to
a common FRET experiment, it is simpler, faster and more repro-
ducible. Moreover, the use of the melting profile shifts the focus on
the melting temperature rather than change in fluorescence signal
alone. This minimizes the effect of fluorescent background and
fluctuations in signal due to non-optimum folding of the aptamers
or structure switching related with uncontrolled temperatures as
opposed to PCR machine. To our knowledge, this is the first report
on using aptamer beacons melting temperature shift to quantify a
small molecule.

2. Materials and methods
2.1. Materials

Aptamer beacons (with 5’ Fluorescein and 3’ DABCYL) were
synthesized and purified by Integrated DNA Technologies (Coral-
ville, 1A). Ethanolamine, phenylethylamine, oxytetracycline and
SYBR® Green I (10,000x in DMSO) were purchased from Sigma-
Aldrich (Darmstadt, Germany).

The following are the sequences of the used aptamers all of
which had 5’ Fluorescein and 3’ DABCYL and with no labels for use
with SYBR green.

Ethanolamine binding aptamer EA#14.3K42: ATACCAGCTTATT
CAATTTGAGGCGGGTGGGTGGGTTGAATA

Ethanolamine binding aptamer EA#14.3K31: ATTCAATTTGAG
GCGGGTGGGTGGGTTGAAT

Scrambled sequence used as ethanolamine negative: CACGG
CATGGTTCATACTTAAGGGCGTCGTG

2.2. Methods

2.2.1. CD spectra

CD spectroscopy was performed using a Jasco J-720 CD spec-
tropolarimeter. The spectra were acquired at room temperature at a
rate of 20 nm/min from 220 to 320 nm using a 1 mm cells. Mea-
surements were carried out in the ethanolamine binding buffer
(20 mM TRIS, 100 mM NacCl, 5 mM KCl, 2 mM MgCl,, 1 mM CaCl,,
0.02% Tween® 20 at pH 7.6) at an aptamer concentration of 10 uM
and ethanolamine 1 mM. The spectra were background corrected
and smoothed with 10 accumulations per sample.

2.2.2. Melting temperature profiles

To account for signal variation and scattering of the data, the on-
plate redundancy was at least 4 identical wells per parameter.
Additionally, each experiment was repeated at least 3 times to
assess both reproducibility and inter-assay variation.

The concentration of the aptamer beacon was fixed at 0.5 uM in
all experiments except for the experiments with SYBR green (10x)
and the corresponding melting analysis using aptamer beacons at
the same concentrations (0.5, 1, 2 and 4 uM). The beacons were
pipetted in a 96 wells PCR plate at a volume of 20 pL in ethanol-
amine binding buffer [25] consisting of (20 mM TRIS, 100 mM Nacl,
0.02% Tween® 20 at pH 7.6).

The analyte concentration of ethanolamine, phenylethylamine,
ethanol and propylamine was varied from (5—100 nM) and were
added in a volume of 2 pL per well. Additionally, 1 1M concentration
of phenylethylamine, ethanol and propylamine was tested.

2.2.3. PCR protocol

The PCR machine (LightCycler® 480, Roche) was set to heat first
till 99 °C (rate 4.4 °C/Sec) followed by holding for 5 min to ensure
the complete denaturing of any DNA base pairings. Then, the
fluorescence was measured from 95°C to 20°C with the SYBR
Green filter (465 nm excitation and 510 nm emission) and a rate of
0.11 °C/Sec.

2.2.4. Data analysis

Data analysis (plotting and fitting using one site binding equa-
tion) was performed using GraphPad Prism version 7.00 for Win-
dows, GraphPad Software, La Jolla California USA, www.graphpad.
com and JMP®, Version <13.1>. SAS Institute Inc., Cary, NC,
1989—2007. The raw data obtained from the PCR (Figs. 4, 6 and 8)
[26] was used to generate first derivative graphs for each individual
experiment (Figs. 5, 7 and 9) [26]. These first derivatives were fitted
using a Gaussian distribution with the following equation
Y=Amplitude*exp(-0.5*((X-Mean)/SD)2). The resulting Tm
(defined as the Mean in the equation) was then plotted against the
concentration (Figs. 2 and 3) to produce the calibration curves.

3. Results
3.1. Structure prediction and CD spectra

Ethanolamine aptamer was used to show the case of increasing
the melting temperature through binding to the target molecule.
For this we choose the 42 nucleotides sequence (EA#14.3K42) [25]
which is a truncated version of the original (EA#14.3) 96 nucleo-
tides aptamer [25]. This was further modified by adding a
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Fig. 1. CD spectra of EA#14.3K31. The dash curve denotes 10 uM aptamer prepared in
ethanolamine binding buffer and the solid line denotes 10 uM aptamer in ethanol-
amine binding buffer after addition of 1 mM ethanolamine.

fluorophore (fluorescein) on the 5’ end and a quencher (DABCYL)
on the 3’ end. The folding structure was predicted using mfold (see
Fig. 1 in Ref. [26]). The structure did not show a perfect stem loop
folding. Therefore, we decided to modify the sequence by trun-
cating it to 31 nucleotides (see Fig. S2 in Ref. [26]) to improve the
folding. Moreover, this allowed us to check the effect of small
modifications on the binding parameters and kinetics. As a non-
binding control, we chose a scrambled sequence consisting of 31
nucleotides showing a secondary structure similar to the ethanol-
amine aptamer (see Fig. 3 in Ref. [26]). Our results show that the
structural conformation needs only a proximity of the fluorophore
and the quencher to work which may be provided by other means
than the stem loop e.g. short complementary strands. As well as
that a modified structure is still capable of binding to the target;
this is in agreement with previously published work, where it was
shown that a 16 nucleotide is sufficient for binding [25].

235

It has been shown that the ethanolamine aptamer G rich
consensus region adopts a G-quartet structure [27] and that this
sequence is responsible for the binding [25]. This has been shown
by Cheng et al. [28] using CD spectroscopy measurements which
revealed a parallel quadruplex structure with a positive ellipticity
maximum around 260nm and a negative minimum around
240nm. As seen in Fig. 1, the CD spectra of EA#14.3K31 are
consistent with previously published results and confirm the for-
mation of a parallel G-quadruplex structure. Upon addition of
ethanolamine, the positive band at 263.5 nm increases and the
negative band at 243.5 decreases, this indicates the ability of the
ethanolamine to induce the G-quadruplex structure.

3.2. Melting profiles of beacons and SYBR green

We further tested SYBR green as a candidate intercalating dye
(see Fig. 10 a and b in Ref. [26]), the melting profile, however, could
not be captured for the aptamer concentrations used (0.5, 1, 2 and
4 M and 10x SYBR green). The beacons, however, showed well
defined melting peaks (see Fig. 10 c and d in Ref. [26]). This effect
could be attributed to the preferential binding of SYBR green to
DNA fragments with higher GC content [19,20]. The ethanolamine
aptamers (EA#14.3K42 and EA#14.3K31) show low content of GC in
the stem loop, hindering capturing of the melting curve using SYBR
green. This limits the use of SYBR green to aptamer structures with
high GC content in the stem loop. On the other hand, structures
with high GC content or modifiable to contain higher GC content in
the stem loop region could be used with SYBR green. These mod-
ifications, however, could interfere with binding activity of the
aptamer and lead to loss of sensitivity.

3.3. Ethanolamine binding response

As seen in Fig. 2, the addition of ethanolamine increased the
melting temperature in comparison to the negative controls. The
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Fig. 2. Melting temperature °C plotted against the concentration of ethanolamine. The points represent the average of at least 4 experiments with on plate redundancy of 4 wells.
The error bars represent the standard error of the mean, some error bars are smaller than the symbol size. Two aptamer beacons have been used, the EA#14.3K42 is 42 nt whereas
the EA#14.3K31 is 31 nt and a scrambled sequence as a no binding control. The lines represent the best fit using one site total binding equation Y=Bmax*X/

(Kd + X) + NS*X + Background.
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Fig. 3. Melting temperature °C of the aptamer EA#14.3k42 and EA#14.3K31 in buffer (negative control) and after the addition of 1 pM of structurally similar molecules to
ethanolamine. P values were generated by ANOVA using the Dunnett Test for multiple comparisons to one control (N.S. P > 0.05 * P < 0.05 **P < 0.01).

limit of detection (LOD = blank mean value + 3*SDpjank) for the
EA#14.3K42 42 nt aptamer version was 2.2 +0.378 nM and the
EA#14.3K31 31 nt version was 1.5+ 0.615nM. The estimated Kd
value was 26.6 +4.4nM and 28.8 + 3.4, respectively (see Fig. 12 in
Ref. [26]). We could show that small modification in the structure of
the aptamer does not affect the binding (provided that the binding
sequence is still included). The approach shows promising results
that could be potentially transferred to other aptamers for small
molecules. A paper published previously [25] reported a 10 pM
limit of detection using an aptamer microarray based on EA#14.3
aptamer (96 nt) version, however, using 100 uL sample volume and
18 h incubation time. In comparison, the assay presented here uses
2 uL sample volume and no incubation needed.

3.4. Specificity of the assay

Additionally, the response of the assay to the structurally similar
molecules such as phenylethylamine, ethanol and propylamine has
been tested. It has been shown that phenylethylamine binds the
96 nt aptamer (EA#14.3) by affinity elution test at about 50% of the
ethanolamine binding [29]. The study revealed that the aptamers
bind as well to molecules, which contain a freely accessible ethyl-
or methylamine group [29]. Our results (see Figs. 11, 12, 13 in
Ref. [26]), show that in the assay concentration range, both the
EA#14.3K42 and the EA#14.3K31 display no significant binding to
phenylethylamine, ethanol or propylamine. Both aptamer versions
showed significant binding to both ethanol and propylamine
(1 uM) (Fig. 3) which is in agreement with previously published
results [29]. However, upon increasing the concentration of phen-
ylethylamine significantly (1 tM), only the EA#14.3K42 42 nucle-
otides aptamer displayed a significant change in comparison to the
control (Fig. 3). This could be related to the aptamer length, since
the version tested in the previous publication was 96 nucleotides
which may exhibit less specificity.

4. Discussion

Our findings pave the way for establishing assays for small
molecules in combination with PCR machines or any similar device
capable of capturing the melting profile. In general, quantification
is performed by a) measuring a standard curve recording
concentration-dependent optical signals across a suitable

temperature range to identify melting temperatures at given con-
ditions; b) measure unknown concentrations of the target by
recording the melting temperature(s) and c) processing the
measured melting temperature by an algorithm providing a best fit
function for assigning melting temperatures to target molecule
concentrations. Further dyes and quencher pairs should be tested
and might lead to optimization of the approach. As for long
aptamer sequences, where a beacon structure could be trouble-
some or difficult to synthesize, an indirect format could be tested.
This format will then employ an unlabelled binding aptamer and an
aptamer beacon competing for the binding region. Through
capturing the melting temperature of such probe, the target could
be quantified. Similarly, the method could also give insights on the
binding thermodynamics and mechanisms. Using different beacon
probes binding to different regions of the aptamer and capturing
their melting temperature binding regions could be revealed. This,
however, will need further development and a different experi-
mental setup. An important limitation is the specificity of the
ethanolamine aptamers and the abundance of both ethanolamine
(0—12 uM) and ethanolamine containing molecules in serum such
as phosphatidylethanolamine and other lipids [30]. In fact, this
complicates the transfer of the assay to serum or other complex
media.

The method also has great multiplexing potential. Since
aptamers for different targets are of different length, they are ex-
pected to have different melting temperatures. At present, the
limitation is, that different aptamers are selected in different
buffers and need different salt concentration to be able to bind to
their targets. This, however, could be overcome through testing the
aptamers of interest to the multiplex assay and finding a common
binding buffer.

An onsite point of care diagnostic device could be designed to
make full use of the concept presented here, generalizability pro-
vided. Based on the advances made in PCR on chip technology [31],
a simple miniaturization of the assay should be possible to achieve.
The challenges and bottlenecks faced by miniaturized PCR assays,
e.g. the need for non-metallic heating elements not to interfere
with the enzymes for the PCR reaction, would not be the case here.
The assay is based on profiling the melting temperature and no
polymerase reaction is involved. Applications for such a device
would include but not be limited to clinical diagnostics, environ-
mental testing, contamination for food and water and testing for
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drugs of abuse, confirmation in experiments determining addi-
tional thermostable target molecules provided.
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Chapter 3

Data for homogeneous thermofluorimetric
assays for ethanolamine using aptamers

and a PCR instrument

Status: Published

Reprinted (adapted) with permission from Mahmoud M, Laufer S, Deigner H-P. Data
for homogeneous thermofluorimetric assays for ethanolamine using aptamers and a PCR
instrument. Data in Brief. 2019;24:103946.
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Specifications table

Subject area Chemistry

More specific subject area Analytical biochemistry

Type of data Figures and graphs

How data was acquired PCR LightCycler® 480, Roche

Data format Analyzed

Experimental factors The concentration of the aptamer beacon was fixed at 0.5 uM in all experiments

except for the experiments with SYBR green (10x) and the corresponding melting

analysis using aptamer beacons at the same concentrations (0.5, 1, 2 and 4 uM).

The beacons were pipetted in a 96 wells PCR plate at a volume of 20 uL in ethanolamine

binding buffer consisting of (20 mM TRIS, 100 mM NaCl, 0.02% Tween® 20 at pH 7.6).
Experimental features The PCR machine (LightCycler® 480, Roche) was set to heat first till 99 °C (rate 4.4 °C/Sec)

followed by holding for 5 minutes to ensure the complete denaturing of any DNA base pairings.

Then, the fluorescence was measured from 95 °C to 20 °C with the SYBR Green filter (465 nm

excitation and 510 nm emission) and a rate of 0.11 °C/Sec.

Data source location Villingen-Schwenningen, Germany
Data accessibility All data used and generated is included in this article and in its Supplementary Material
Related research article M. Mahmoud, S. Laufer, H.P. Deigner, An aptamer based thermofluorimetric assay

for ethanolamine, Biochimie, 158 (2019) 233—-237.

Value of the data

o The data could be used for optimizing homogeneous aptamer assays for small molecules
e The data could give insights on aptamers thermodynamic and kinetic properties

e The described methods are essential for simple and rapid detection of small molecules

1. Data

The obtained data show the optimization and validation of a thermofluorimetric assay for etha-
nolamine using ethanolamine binding aptamers and a PCR machine [1]. The assay was performed in a
homogeneous format with no pre-activation of the aptamers and low volume of target (2 uL). The
concentration of the aptamer beacon was fixed at 0.5 uM in all experiments except for the experiments
with SYBR green (10x) and the corresponding melting analysis using aptamer beacons at the same
concentrations (0.5, 1, 2 and 4 pM). The beacons were pipetted in a 96 wells PCR plate at a volume of
20 pL in ethanolamine binding buffer [4] consisting of (20 mM TRIS, 100 mM NacCl, 0.02% Tween® 20 at
pH 7.6). The analyte concentration of ethanolamine, phenylethylamine, ethanol and propylamine was
varied from (5—100 nM) and were added in a volume of 2 uL per well. Additionally, 1 uM concentration
of phenylethylamine, ethanol and propylamine was tested.

1.1. Structure prediction and optimization of the aptamers folding

The aptamer folding structure in the given buffer conditions was predicted using mfold [2]. The
aptamer 42 nucleotides EA#14.3K42 [3] (Fig. 1) did not show optimal stem loop folding. Therefore, the
sequence was modified by truncation to produce a 31-nucleotide aptamer EA#14.3K31 (Fig. 2). The G-
rich binding sequence [4] was conserved during this truncation. A scrambled sequence consisting of 31
nucleotides showing a secondary structure similar to the ethanolamine aptamer was added as a non-
binding aptamer (Fig. 3). The aptamers were then modified with A fluorophore (Fluorescein) on the 5’
end and a quencher (DABCYL) on the 3’ end to produce a beacon [3].

1.2. Melting profiles and thermofluorimetric analysis

The three aptamers EA#14.3K42, EA#14.3K31 and the scrambled sequence were prepared in the
ethanolamine binding buffer [4] in a 96 well PCR plates at a volume of 20 pL per well. Afterwards, the
sample was added to the wells at a volume of 2 pL per well and directly measured in the PCR machine.
The obtained data from the PCR machine for each plate was averaged (Figs. 4, 6 and 8) and then the first
derivative with second order smoothing (4 neighbours) was produced (Figs. 5, 7 and 9. Then the Model
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Fig. 1. The predicted secondary structure of the ethanolamine aptamer 42 nucleotides (EA#14.3K42) [4] a truncated version of the
original 96nt (EA#14.3) [5] aptmaer. A fluorophore (Fluorescein) was added to the 5’ end and a quencher (DABCYL) to the 3’ end to
produce a beacon. Folding simulated using mfold [2]. The G-rich consensus sequence is marked by red circles.
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Fig. 2. The predicted secondary structure of the modified ethanolamine aptamer EA#14.3K31 a truncated version of the EA14.3K42
aptamer. A fluorophore (Fluorescein) was added to the 5’ end and a quencher (DABCYL) to the 3’ end to produce a beacon. Folding

generated using mfold [2]. The G-rich consensus sequence is marked by red circles.
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modified aptamer. A fluorophore (Fluorescein) was added to the 5’ end and a quencher (DABCYL) to the 3’ end to produce a beacon.
Folding generated using mfold [2].
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Fig. 4. Signal data from the qPCR machine showing fluorescence intensity against temperature °C. The lines represent the average of
at least 4 wells, the dots represent the SD. Each well had 20 pL of ethanolamine aptamer EA14.3K42 at 0.5 pM concentration. 2 pL of
ethanolamine (0—100 nM) were added to each well before measuring in the PCR.

— Negative control

20 — 5nM
= 10 nM
- 15 nM
15 — 25nM
- 75 nM
10 = 100 nM
-
e
5
T
0 J 1
20 100
\ ."';\v‘.".:"!' o ‘
2 Temperature (°C)
10

Fig. 5. The first derivative of the signal measured over temperature obtained from Fig. 4. The curve was generated using graphpad
prism First derivative with 2nd order smoothing (4 neighbours) then Model (Gaussian distribution) Y=Amplitude*exp(-0.5*((X-
Mean)/SD)"2) was fitted to the data points and the mean defined the Tm, the Tm was then plotted against the concentration to
produce the calibration curve. The lines represent the fitting and the dots represent the 95% confidence bands of the fit.
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Fig. 6. Signal data from the qPCR machine showing fluorescence intensity against temperature °C. The lines represent the average of
at least 4 wells, the dots represent the SD. Each well had 20 pL of ethanolamine aptamer EA14.3K31 at 0.5 uM concentration. 2 pL of
ethanolamine (0—100 nM) were added to each well before measuring in the PCR.
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(Gaussian distribution) Y=Amplitude*exp(-0.5*((X-Mean)/SD)2) was fitted to the data points and the
mean defined the Tm.

Similarly, SYBR green a DNA intercalating dye [6] was used at 10x concentration and a varying
amount of the non-labelled aptamers (0.5, 1, 2 and 4 uM) was used to capture the melting profile
(Fig. 10a and b). The data obtained was handled slightly different and the negative first derivative was
produced for the SYBR green experiments. These results were compared to the melting profiles of
aptamer beacons at the same concentrations (0.5, 1, 2 and 4 uM) (Fig. 10c and d).

1.3. Specificity of the assay and ethanolamine binding response

To further verify the specificity of the response of the ethanolamine aptamers, the response to
various structurally similar compounds e.g. Phenyethylamine, ethanol and propylamine was tested.
The obtained melting temperatures from the first derivative fit was plotted against the corresponding
concentrations of the analyte to produce the calibration curves (Figs. 11—13).

The kinetic parameters were determined using the one site binding equation Y=Bmax*X/(Kd + X).
The melting temperatures were background corrected and plotted against the concentration of the
ethanolamine to produce the curve (Fig. 14).
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s = 0.5 pM aptamer s = 1 pM aptamer
"1-? 20 — 1 uM aptamer E. 20 — 2 M aptamer
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Fig. 10. a) melting profile of different concentrations of EA#14.3K42 aptamer using 10x SYBR green b) melting profile of different
concentration of the EA#14.3K31 aptamer using 10x SYBR green c) melting profile of different concentrations of EA#14.3K42
aptamer beacon d) melting profile of different concentrations of the EA#14.3K31 aptamer beacon. The lines are the fit using the
Model (Gaussian distribution) Y=Amplitude*exp(-0.5*((X-Mean)/SD)"2) and the dots represent the 95% CI of the fit. The aptamer
beacons show sharper well-defined peaks in comparison to the use of the SYBR green.
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Fig. 11. Melting temperature °C plotted against the concentration of phenylethylamine. The points represent the average of at least 3
experiments with on plate redundancy of 3 wells. The error bars represent the standard deviation, some error bars are smaller than
the symbol size. Two aptamer beacons were used the EA#14.3K42 is 42nt whereas the EA#14.3K31 is 31nt and a scrambled
sequence as a no binding control.
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Fig. 12. Melting temperature °C plotted against the concentration of Ethanol. The points represent the average of at least 2 ex-
periments with on plate redundancy of 3 wells. The error bars represent the standard deviation, some error bars are smaller than the
symbol size. Two aptamer beacons were used the EA#14.3K42 is 42nt whereas the EA#14.3K31 is 31nt and a scrambled sequence as
a no binding control.

2. Experimental design, materials and methods

2.1. Materials

Aptamer beacons (with 5’ Fluorescein and 3’ DABCYL) were synthesized and purified by Integrated
DNA Technologies (Coralville, IA). Ethanolamine, phenylethylamine, oxytetracycline and SYBR® Green
(10,000x in DMSO) were purchased from Sigma-Aldrich (Darmstadt, Germany).

The following are the sequences of the used aptamers all of which had 5’ Fluorescein and 3’ DABCYL
and with no labels for use with SYBR green.

Ethanolamine binding aptamer EA#14.3K42: ATACCAGCTTATTCAATTTGAGGCGGGTGGGTGGGTT-
GAATA.
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Fig. 14. ATm °C plotted against the concentration of ethanolamine. The points represent the average of at least 4 experiments with
on plate redundancy of 4 wells. The error bars represent the standard error of the mean, some error bars are smaller than the symbol
size. Two aptamer beacons were used the EA#14.3K42 is 42nt whereas the EA#14.3K31 is 31nt. The lines represent the best fit using
one site binding equation Y=Bmax*X/(Kd + X).

Ethanolamine binding aptamer EA#14.3K31: ATTCAATTTGAGGCGGGTGGGTGGGTTGAAT.
Scrambled sequence used as ethanolamine negative: CACGGCATGGTTCATACTTAAGGGCGTCGTG.

2.2. Methods

2.2.1. Melting temperature profiles

To account for signal variation and scattering of the data, the on-plate redundancy was at least 4
identical wells per parameter. Additionally, each experiment was repeated at least 3 times to assess
both reproducibility and inter-assay variation.

The concentration of the aptamer beacon was fixed at 0.5 pM in all experiments except for the
experiments with SYBR green (10x ) and the corresponding melting analysis using aptamer beacons at
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the same concentrations (0.5, 1, 2 and 4 uM). The beacons were pipetted in a 96 wells PCR plate at a
volume of 20 pL in ethanolamine binding buffer [25] consisting of (20 mM TRIS, 100 mM Nacl, 0.02%
Tween® 20 at pH 7.6).

The analyte concentration of ethanolamine, phenylethylamine, ethanol and propylamine was var-
ied from (5—100 nM) and were added in a volume of 2 uL per well. Additionally, 1 uM concentration of
phenylethylamine, ethanol and propylamine was tested.

2.2.2. PCR protocol

The PCR machine (LightCycler® 480, Roche) was set to heat first till 99 °C (rate 4.4 °C/Sec) followed
by holding for 5 minutes to ensure the complete denaturing of any DNA base pairings. Then, the
fluorescence was measured from 95 °C to 20 °C with the SYBR Green filter (465 nm excitation and
510 nm emission) and a rate of 0.11 °C/Sec.

2.2.3. Data analysis

Data analysis (plotting and fitting using one site binding equation) was performed using GraphPad
Prism version 7.00 for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com and
JMP®, Version <13.1>. SAS Institute Inc., Cary, NC, 1989—2007. The raw data obtained from the PCR
(Figs. 4, 6 and 8) was used to generate first derivative graphs for each individual experiment (Figs. 5,
7 and 9). These first derivatives were fitted using a Gaussian distribution with the following equa-
tion Y=Amplitude*exp(-0.5*((X-Mean)/SD)2.
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Abstract

This work describes an aptamer-based capillary assay for ethanolamine (EA). It is making use of strand displacement format and
magnetic particles. The capillary tubes are coated with three layers, viz. (a) first with short oligonucleotides complementary to the
aptamer (EA-comp.); (b) then with magnetic particles (Dynabeads) coated with EA-binding aptamer (EA-aptamer), and (c) with
short oligonucleotide-coated magnetic particles (EA-comp.). On exposure to a sample containing ethanolamine, the DNA-coated
magnetic particles are released and subsequently collected and spatially separated using a permanent magnet. This results in the
formation of a characteristic black/brown spots. The assay has a visual limit of detection of 5 nM and only requires 5 min of
incubation. Quantification is possible through capture and analysis of digital (RGB) photos in the 5 to 75 nM EA concentration
range. Furthermore, results from tap water and serum spiked with EA samples showed that the platform performs well in complex
samples and can be applied to real sample analysis. The combined use of plastic capillaries, visual detection and passive flow

make the method suited for implementation into a point-of-care device.

Keywords Aptamer-assay - Small molecules - Capillary flow - Visual detection - Magnetic particles - RGB images

Introduction

The quantification of small molecules remains a considerably
challenging task requiring complex setups as well as highly
trained personnel e.g. mass spectrometry [1, 2]. Their detec-
tion is hampered by their intrinsic properties such as their
small size and the availability of only one epitope for binding.
Thus, most immunoassays still do not provide a fast turn-
around time and lack the sensitivity required for diagnostics
[3, 4]. Moreover, the tedious steps included e.g. washing,
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blocking and signal development hinders the transfer of these
assays to point of care (POC) devices [5]. On the other hand,
aptamers stand out as a promising alternative to antibodies due
to their stability, fast binding kinetics and the reversibility of
the binding [6, 7].

Aptamers are single stranded DNA/RNA sequences select-
ed in-vitro through a process known as SELEX [8, 9]. They
have been selected for various targets such as proteins, small
molecules, toxins and single ions [6, 10, 11]. The fast binding
kinetics and the easy simple modifications of aptamers en-
ables the development of non-conventional POC devices
[12—14]. Additionally, they have been explored to replace an-
tibodies in some lateral flow assays as simple point of care
devices [7].

Lateral flow assays are a class of paper- or fiber-based POC
platforms. Lateral flow immunoassays (LFIA) are simple, fast
and can provide reliable results within few minutes; however,
their performance with regard to small molecules is still insuf-
ficient. Some of the principal drawbacks associated with LFA
are the non-specific interactions to the membrane material,
inversible relation between signal and target concentration
(competitive format) and the unfavorable optical properties
of the membranes [7, 15, 16]. A typical LFA assay consists
of a porous membrane, molecular recognition elements

@ Springer
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(MRE) e.g. antibodies or aptamers as well as a test/control
lines with corresponding MRE depending on the assay format
e.g. sandwich or competitive [17]. Moreover, a reporter
molecule/particle for signal generation such as gold nanopar-
ticles, quantum dots, fluorescent or magnetic beads [15].

Magnetic beads are Micro or Nano-sized particles contain-
ing iron or iron oxide. Magnetic mono-sized particles provide
a large and uniform surface area for attaching functional mol-
ecules e.g. antibodies, enzymes, DNA or aptamers. This can
be achieved through various covalent and non-covalent strat-
egies [18]. Superparamagnetic beads can be separated excep-
tionally fast using external magnetic forces. This allows for a
hybrid assay which is fast due to the easy and efficient mixing
and spatial separation for including washing steps when need-
ed. These properties made magnetic beads suitable for use in
various application such as cell preparation, immunoassays,
bio-separation and targeted drug delivery [19]. They have been
implemented in LFA assays as reporter molecules and were
detected either visually [20] or by a magnetic reader [17, 21].

The EA aptamer was selected and optimized by Mann et al.
[22]. This system was selected for this work, as it is well
characterized and the aptamer binding structure as well as
the specificity has been extensively studied [23-25]. The
aptamer binds to EA in a G-quadruplex conformation [24].
Ethanolamine is a small organic amine that plays a crucial role
in both health and disease [26]. It has been associated with
various conditions such as Parkinson’s disease [27], depres-
sion and bipolar disorder [28], and Alzheimer’s disease [29].
On the other hand, it has a protective role in low serum in-
duced apoptosis [30], as a cardioprotective agent [31], and a
role in proliferation of hepatocytes [32]. It is also known to
have toxic effects on humans upon inhalation or contact [33].
Nevertheless, it is not possible to directly detect EA through
LC/MS [34]. This motivated the development of different
sensors for the detection of EA e.g. fluorescence, electrochem-
ical, indirect LC/MS and thermofluorimetric [23, 34-36].
They are based on either strand displacement or the G-
quadruplex binding conformation of the aptamer. However,
they need bulky equipment and highly trained personnel.
This makes them unsuitable for the direct implementation as
POC assays.

This work presents an assay system based on strand dis-
placement [23] and magnetic microbeads in a capillary

platform. This system mimics a lateral flow system; however,
the signal is directly proportional to the analyte concentration,
spatial separation allows for adding washing steps if needed
and separation of signal from background. Streptavidin coated
magnetic particles were used for the simple and direct immo-
bilization of biotin labelled oligonucleotides [37]. The capil-
lary tubes were coated with 3 layers. First, short oligonucleo-
tides complementary to EA aptamer (EA-comp.) were
immobilized to the capillary surface followed by aptamer-
magnetic beads. This resulted in hybridization of the aptamer
magnetic beads to the oligonucleotides. A third layer
consisting of oligonucleotide-magnetic particles was hybrid-
ized to the free aptamers (facing away from the capillary sur-
face); this was to avoid any free non-hybridized aptamers and
to ensure that strand displacement results in a magnetic parti-
cle release from the surface. The minimum manipulation
needed, low sample volume as well as the visual detection
are ideal for using the system as POC assay.

Materials and methods
Materials

Oligonucleotides were synthesized and purified by Integrated
DNA Technologies (Coralville, IA, www.idtdna.com).

Ethanolamine, phenylethylamine, propylamine, ethanol
and human serum were purchased from Sigma-Aldrich
(Darmstadt, Germany, www.sigmaaldrich.com).

Magnetic particles 1 pm (Dynabeads™ MyOne™
Streptavidin C1 product number: 65002) and DNA coating
solution (product number: 17250) were purchased from
Thermo Fischer Scientific (Sankt Leon-Rot, Germany, www.
thermofisher.com).

Untreated Polyethylene Terephthalate Glycol (PETG) cap-
illary tubes measuring 0.85%1.55%75 mm (1216 M98) were
purchased from Thomas Scientific (Swedesboro, USA, www.
thomassci.com).

Neodymium magnet cubes measuring 5 mm X 5 mm %
5 mm with the grade N45 were purchased from Amazon EU
S.a r.l. (Munich, Germany, www.amazon.de).

The following are the sequences for the used aptamers:

Name

EA binding aptamer (EA-apt)

Non-binding sequence (EA-neg.)
Complementary strand Et 1 0_3 (EA-comp.)

Complementary strand for negative
sequence ET 10_nt (EA-cnt)

Sequence Modification
5'- ATACCAGCTTATTCAATTTGAGGCGGGTGGGTGGGTTGAATA -3’ 3’ Biotin
5'- CACGGCATGGTTCCATACTTAAGGGCGTCGTGGTTGGGTGGG-3’ 3’ Biotin
5'- CCACCCACCC-3’ 3’ Biotin
5'- CCCACCCAAC-3’ 3’ Biotin

@ Springer



Microchim Acta

Page 3 of 8

Methods

Oligonucleotides and aptamers coupling to streptavidin
coated magnetic beads

Streptavidin-coupled Dynabeads® 1 um magnetic beads were
diluted to 1 mg.ml™" in 1x phosphate buffered saline (PBS)
pH 7.4 and used at this concentration throughout all
experiments.

The coupling procedure was performed according to the
manufacture protocol as follows: a volume of 50 puL
(10 mg.mlI™") particles was diluted in 450 uL PBS buffer in
an 0.5 ml Eppendorf tube. The particles were washed a total of
3 washes with PBS solution. Afterwards, a volume of 10 uL
of the buffer was replaced by 10 pL biotin labelled oligonu-
cleotide at a concentration of 100 uM and incubated overnight
on a shaker. The particles were washed again 3 times with
PBS solution and the first supernatant was collected for eval-
uating the reaction efficiency.

Coating the capillaries with oligonucleotides

The capillary tubes were coated with the EA-comp. Using the
DNA coating solution according to the manufacture protocol.

A 25 uM oligonucleotide solution was prepared and an
equal volume of the DNA coating solution was added in a
glass container, the capillaries were filled with about 20 pL
of the solution and a red mark was made as a filling line. After
an overnight incubation, the capillaries were washed three
times with 25 uLL PBS using a syringe. Then the tubes were
left to dry at room temperature for 2 h.

Development of the test platform

The EA-comp. Coated capillary tubes were filled with 20 pL
EA-apt. Functionalized magnetic particles using capillary
forces. The tubes were incubated overnight afterwards washed
three times with a PBS pH 7.4 solution.

The aptamer-magnetic beads coated capillaries were then
filled with complementary oligonucleotides (EA-comp. and
EA-cnt) functionalized magnetic beads solution and incubated
overnight followed by a 3 times PBS wash. The tubes were
left to dry at room temperature for 2 h prior to use.

Quantification of oligonucleotides immobilization
and hybridization efficiency

Nanophotometer (Nanophotometer® P-class, P-360, Implen
GmbH) was used to determine the amount of immobilized
oligonucleotides; 1 pl of the supernatant was transferred to
the nanodrop and a triplicate measurement were recorded
per sample. The same measurements were done with non-
reacted oligonucleotides as a control to the total absorption.

Similarly, the EA-apt. Functionalized magnetic particles
were reacted with the EA-comp. Oligonucleotide and after
separation the supernatant was collected and analyzed. This
gave insights on the ability of the complementary strands to
hybridize to the aptamers and the effect of steric hinderance.

Characterization of the magnetic beads

Characterization of the particles was performed using light
microscopy. Images were capture for three samples a) mag-
netic beads conjugated with EA apt., b) a mixture of magnetic
beads conjugated with EA-apt. and reacted with the magnetic
beads conjugated with the EA-comp., and c) the mixture in b)
after reacting with 200 nM ethanolamine for 5 min. A volume
of 5 uL was then transferred to a glass microscope slide and
images were captured using light microscopy with 40x
magnification.

Ethanolamine binding response and specificity of the assay

The capillary platform was filled with a different concentra-
tion of ethanolamine (0 to 200 nM) solution. The capillaries
were filled with 20 puL of ethanolamine diluted in PBS buffer
and incubated for 5 min. A permanent neodymium magnet
was placed above the filling line (marked in red on the capil-
laries) and the solution was removed using a syringe.

As controls to the specificity of the response, the capillaries
were challenged with structurally similar (ethanol,
propylamine and phenylethylamine) molecules. Each experi-
ment was repeated at least 3 times to account for signal vari-
ation and assess the reproducibility of the response.

Serum samples were diluted to a 10% concentration using
PBS buffer and spiked with ethanolamine to a concentration
of 25 nM and 75 nM. Tap water was used to prepare PBS
buffer and then used to prepare 25 nM and 75 nM ethanol-
amine solutions.

After completion of the assay, the capillaries were fixed to a
plain sheet of paper and images were captured using a
smartphone for further analysis.

Data and image analysis

Images were analyzed using the ImageJ] image processing
program [38]. The magnetic spots (brown/black) were mea-
sured for area using the analysis command. The spot area was
chosen as the analysis parameter as this is minimally affected
by differences in exposure or brightness of the images. The
spot area (pixel®) was plotted against the concentration to
produce the calibration plots. In this case, no calibration was
needed as all the capillaries were captured in the same image.
However, to be able compare the response of the ethanol-
amine in buffer, serum and tap water the area was measured
in (pixel®) and then converted to mm?. This was done by
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calibrating the number of pixels corresponding to the known
length of the capillary (75 mm). The same was applied to the
structurally similar molecules (ethanol, propylamine and
phenylethylamine). Then the area of the spots in mm? were
plotted against the concentration of EA for comparison.

Data analysis (plotting, fitting using linear and non-linear
regression analysis and statistical significance) was performed
using GraphPad Prism version 8.02 for Windows, GraphPad
Software, La Jolla California USA, www.graphpad.com.

Results and discussion
Immobilization and hybridization efficiency

The immobilization of the biotin labelled oligonucleotides and
aptamers to the magnetic particles was confirmed using ab-
sorption values at 260 nm. The absorption values before
(0.064 and 0.067) and after the reaction (0.029 and 0.028)
were compared to estimate the DNA amount immobilized
on the surface of the beads. The amount of EA-apt.
Immobilized was 515 pmol per mg bead and 560 pmol per
mg beads for the EA-comp. This corresponds to 515 nM EA-
apt. and 560 nM EA-comp.. These amounts agree with the
manufacture specification of 500 pmol per mg beads.

To assess the functionality of the immobilized oligonucle-
otides, the EA-apt. Functionalized magnetic particles were
reacted with the EA-comp. and the absorbance values before
(0.067) and after the reaction (0.048) were compared. The
hybridization efficiency of the EA-comp. to the EA-apt.
Functionalized beads was 55%, this can be attributed to the
steric effects exerted by the magnetic particles.

To further characterize the particles, light microscopy was
used to capture images of the magnetic particles. The EA-apt.
Conjugated magnetic particles (Fig. S4), shows a monodis-
perse magnetic particles. Upon reacting with the EA-comp.
Conjugated particles (Fig. S5) the particles formed clusters
due to the hybridization of the DNA. The addition of ethanol-
amine 200 nM to the hybridized particles lead to the strand
displacement reaction and in the redispersion of the formed
clusters (Fig. S6).

Assessment of the capillary coating and non-specific
interactions

The capillary tubes were coated with the complementary oli-
gonucleotides EA-comp. and EA-nct. Using DNA coating
solution. The coated tubes were first reacted with the EA-
apt. and EA-neg. Functionalized beads. Afterwards the tubes
were reacted with magnetic beads functionalized with the cor-
responding complementary oligonucleotide (EA-comp. and
EA-nct.). This resulted in three layers attached to the capillary
surface.

@ Springer

As seen in (Fig. S1), non-specific adsorptions to the capil-
laries were minimal, three different controls a) EA-apt. Coated
capillaries and EA-nct functionalized beads with no-comple-
mentarity, b) EA-comp. Coated capillaries with streptavidin
coated magnetic beads and ¢) non-coated capillaries and EA-
apt. Functionalized magnetic beads were used to assess the
specificity. Minimum non-specific adsorption can be seen in
the case of the coated tubes and functionalized particles with
no complementary oligonucleotide (Fig. S1a).

Ethanolamine binding response

The assay is based on strand displacement as the target bind to
the aptamers releasing the magnetic particles and their subse-
quent capture for visual detection. As seen in Fig. 1, the
amount of magnetic particles released after the incubation
with ethanolamine is proportional to the concentration of eth-
anolamine in the sample solution. The assay has a visual limit
of detection of 5 nM within 5 min. Negative control reacted
with buffer only showed no displacement of the particles, and
no magnetic spots were visually detected.

Further quantitative analysis was carried out using images
captured using a smartphone and ImageJ analysis software.
The resulting calibration plot (Fig. 2) was fitted using one site
total binding eq. Y=Bmax*X/(Kd+ X) + NS*X +
Background, Kd was 33.93 = 16.31 nM. The assay showed a
linear range between 5 and 75 nM (Fig. 2 inset). Previous
studies [23] reported a Kd value of 9.6+ 1.4 nM and a limit
of detection of 10 pM using the full length aptamer (96 nt), an
incubation time of 18 h and fluorescence readout. Using
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Fig. 1 shows the capillaries after reacting with ethanolamine samples (5
to 200 nM) and buffer only (0). The black/brown spots are the displaced
magnetic particles after collection using a permanent magnet. For making
the photos and further analysis the solution was completely withdrawn
from the capillaries and the capillaries were glued to a blank paper sheet
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Fig. 2 Plot of spots’ area (pixel®) against ethanolamine concentration in
the sample. The spots area from the capillaries (Fig. 1) was measured
using ImagelJ software. The points show the mean value and the error
bars represent the standard deviation 7 = 3. The line represents the best fit
using one site total binding eq. Y=Bmax*X/(Kd+ X) + NS*X +
Background, 12 =0.9872. The inset shows the linear response of the
assay from 5 to 75 nM; the line represents the best fit with the eq. Y =
5.826%X + 153.0 r2=0.9336. The dashed lines represent the 95% CI of
the best fitting lines

electrochemical impedance spectroscopy, Liang et al. [35]
could detect 0.08 nM ethanolamine.

Specificity of the assay

Various controls were implemented to further confirm the
specificity of the assay response. Non-binding aptamers
(EA-neg.) showed no displacement of the strands, and no
magnetic spots were visually detected at ethanolamine con-
centration of 100 and 200 nM (Fig. S2).

Studies on the specificity of the ethanolamine aptamers
found that they react to various molecules containing ethyl-
or methylamine groups [25]. Structurally similar molecules
(phenylethylamine, propylamine and ethanol) all showed no
visually detected spots in the assay range. However, increas-
ing the concentrations substantially (1 uM) lead to displace-
ment of magnetic particles and formation of a magnetic spot
(Fig. 3 and fig. S3) which agrees with previously published
findings [23, 36].

Detection of ethanolamine in complex samples

The capillary platform was challenged with tap water and 10%
serum samples containing 25 and 75 nM ethanolamine. The
response (Fig. 4) showed that the effect of the matrix is min-
imal, and the results were comparable to the response in buffer
(analyzed using ANOVA comparing to one control (buffer) no
significant difference was observed. P value 0.8463) (Fig. 5).
This showed that the platform can be applied to real samples
for visual detection of ethanolamine.
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Fig. 3 normalized spot area against EA structurally similar molecules.
The plot shows the response of 0.1 uM ethanolamine and 1 uM
propylamine, phenylethylamine and ethanol. The error bars represent
the standard deviation n = 4

Comparison with published EA assays

Various approaches have been described for the detection and
quantification of ethanolamine (Table 1). Based on strand dis-
placement, Heilkenbrinker et al. [23] developed a competitive
microarray for EA using a fluorescence readout. The assay
could detect EA as low as 10 pM EA, however, it needed
18 h incubation time. Moreover, the inverse relation between
the analyte concentration and signal limited the use of com-
plex sample matrix in this system.

Making use of the G-quadruplex binding conformation of
the EA aptamer, Liang et al. [35] developed a label free

Fig. 4 shows the capillaries after reacting with ethanolamine samples (0,
25 and 75 nM) spiked in tap water and 10% serum respectively. The
black/brown spots are the displaced magnetic particles after collection
using a permanent magnet. For making the photos and further analysis
the solution was completely withdrawn from the capillaries and the cap-
illaries were glued to a blank paper sheet
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Fig. 5 the response of the assay after incubation with Ethanolamine in a)
buffer, b) tap water and ¢) 10% serum. n =3 and error bars represent the
standard deviation. Statistical significance was evaluated using ANOVA
comparing to one control (buffer) no significant difference was observed

electrochemical impedance spectroscopy sensor. The sensor
detected 0.08 nM ethanolamine in 1-h incubation time with
high specificity in real samples. However, this system still
needed a bulky instrument to measure electrochemical imped-
ance and is not suitable for low cost settings.

Another approach described by Lee et al. [34] combined
gold nanoparticles and strand displacement coupled with LC/
MS to indirectly quantify EA. The displaced adenine rich
strand was hydrolyzed and quantified through LC/MS, indi-
rectly detecting EA (LOD 1.2 nM). The method offered an
alternative platform for molecules not suitable for direct LC/
MS analysis. However, it is based on LC/MS and is not suit-
able for a POC application.

Using Thermofluorimetric analysis [36], the melting tem-
perature shifts of EA aptamer beacons was used to quantify
EA. Using a PCR instrument EA was quantified through sta-
bilization of the aptamer beacons with a limit of detection
1.5 nM. The homogeneous assay format combined with
PCR provided high throughput analysis of EA using 2 pL
sample volume and no incubation. However, the assay is based
on a PCR instrument and requires well trained personnel.

In comparison to previously published methods, the mag-
netic capillary assay requires minimum manipulation and no
readout device. The use of magnetic beads allows reaching an
LOD of 5 nM within 5 min. The combined use of plastic
capillaries, visual detection and passive flow make the assay
suitable as a POC device.

Conclusion

This work presents an assay for detecting ethanolamine, based
on strand displacement and magnetic separation. Platform
generation was achieved through the multilayer immobiliza-
tion of the aptamer-magnetic particles. The inclusion of mag-
netic particles allows for spatial separation of signal from
background and subsequent visual detection. The spatial sep-
aration of the magnetic particles from the solution decreases
the matrix effect and allows the direct analysis of complex or
colored samples. Additionally, the use of magnetic particles in
a multilayer format allowed increasing the specificity for the
small molecule target. This is due to steric hinderance exerted
by the particles on interfering molecules e.g. proteins or lipids
leading to a size exclusion effect (sieving). The assay’s limit of
detection (5 nM) and dynamic range (575 nM) were in good
agreement with aptamer based LFA based on visual detection
reviewed in [39]. The assay was performed in plastic capil-
laries and can be used as a standalone device or can be incor-
porated in test cassettes for POC applications. It has a great
potential in various fields where fast yes/no or semi-
quantitative simple assays are needed; applications include
but are not limited to clinical diagnostics, environmental as-
say, water and food contamination, drugs of abuse and doping.

The possibility of regenerating the platform and the mag-
netic particles must be investigated further. Nevertheless, as
the aptamer coated magnetic particles are displaced from the
surface, these can be collected, and the bound target washed
off, an option which, however, has not been confirmed exper-
imentally in this study. Some of the assay drawbacks are re-
lated to the specificity of the aptamers used. The principle,

Table 1 summary of different assays for the detection of ethanolamine

Method Readout Target/Aptamer Limit of Detection/ Linear range Ref.
Incubation time

Strand displacement Microarray Fluorescence EA/ 96 nucleotide DNA aptamer 10 pM - [23]
18 h

Electrochemical impedance spectroscopy — Electrochemical EA/ 42 nucleotide DNA aptamer 0.08 nM 0.16-16 nM  [35]
1h

Indirect LC/MS LC/MS EA/34 nucleotide DNA aptamer 1.2 nM- 5-5000 nM  [34]

Thermofluorimetric PCR melting curve  EA/ 42 and 31 nucleotide DNA 1.5 nM- - [36]

Analysis aptamer beacons

Magnetic capillary assay Visual/RGB photos  EA/ 42 nucleotide DNA aptamer 5 nM 5-75 nM This work

analysis 5 min
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however, can be transferred to other aptamers after carefully
designing a strand-displacement assay. The assay can also be
developed as a qualitative method with a preset cut-off value
for fast detection of analytes. It thus meets a great need for
POC assays in low resource settings.
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Figure S1 a) oligonucleotide-coated capillaries and oligonucleotide functionalized beads with no-complementarity, b)
oligonucleotide-coated capillaries with streptavidin coated magnetic beads and c) non-coated capillaries and aptamer coated
magnetic beads.

Figure S2 capillaries functionalized with a no-binding sequence as negative control after reaction with ethanolamine solution a)
100 nM and b) 200 nM. Both show no displacement of the magnetic particles and no magnetic spots can be seen above the fill
line (magnet placement position).



Figure S3 capillaries challenged with 1uM phenylethylamine, 1uM propylamine and 1uM ethanol respectively. No visual
response could be detected for lower concentrations.



Figure S4 light microscopy image of the magnetic particles (Dynabeads 1 um) with 40x magnification. The particles were coated
with the ethanolamine aptamer and show no aggregates. Particle concentration 10 mg/ml.



Figure S5 light microscopy image of the magnetic particles (Dynabeads 1 pm) with 40x magnification. Aptamer coated particles
were reacted with particles coated with the short complementary strand. The hybridization resulted in formation of aggregates
(chains) of particles.



Figure S6 light microscopy image of the magnetic particles (Dynabeads 1 pm) with 40x magnification. The particles from image
S5 were reacted with 200 nM ethanolamine for 5 minutes. The presence of the target led to the displacement of the particles (no
aggregates).
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Abstract:

Modern strategies in precision medicine require diagnostic tools for fast assessment of
biomarkers. A popular and well-established assay format for the rapid detection of disease
markers directly at the point of care is the lateral flow assay, which enables medical staff to
directly use body fluids such as blood or urine for diagnosis, without the need for a
professional laboratory environment. Interleukin-6 and thrombin are clinically relevant
biomarkers that are associated with infectious diseases, inflammation, and blood coagulation,
and can provide valuable information on the status and treatment responses of patients with
COVID-19. This work presents a novel method for the quantification of these biomarkers by
using fluorescent green and red quantum dots as labels for interleukin-6 antibodies and
thrombin binding aptamers, respectively. For readout, a 3D printed smartphone imager with
a built in UV-LED light source is used. Through separation of RGB-channels, the acquired
images can be processed to achieve a fully functional duplex lateral flow assay for
simultaneous quantification of interleukin-6 and thrombin on the same test line (optical
multiplexing). Furthermore, the assay performs well in complex samples (10% serum
samples). In conclusion, this novel combination of antibody and aptamer-based detection in
a single lateral flow assay reduces turnaround time, and the user-friendly smartphone imager

facilitates availability, particularly in low resource settings.

1. Introduction

Fast, inexpensive, and readily available diagnostic tools for biomarker assessment are
becoming increasingly important in precision medicine. Point-of-care (POC) tests are of

particular interest, especially in disease epidemics, because they are designed to be used at



sites of patient care and to provide rapid results, thus enabling better clinical decision-making
and improved clinical outcomes (1, 2). Lateral flow assays (LFAs) meet all the criteria necessary
for application as POC tests (3). They have been applied in early detection of complex diseases,
such as cancer (4, 5) and sepsis (6, 7), through high sensitivity and specificity multiplex

guantification of various analytes.

If reliable quantitative results are necessary for analytes such as blood biomarkers, readout
hardware, such as professional LFA readers, must be used. Optical strip readers can enable
precise signal quantification, thus overcoming the drawback of operator dependent result
interpretation, and can also improve the detectability and sensitivity of multiplex LFA sensors
(8, 9). Because smartphones have become an ubiquitous part of everyday life, even in remote
areas and low resource settings, smartphone-based readout of LFAs presents a major

opportunity for use in POC tests (10, 11).

Numerous approaches exist for smartphone-based analysis of LFAs without additional
hardware; some include using simple aids, such as a cardboard dark box, or 3D-printed
accessories for applications in food analysis, drug monitoring or diagnostics (11-14). Recently,

aptamers have been explored as replacements for antibodies in LFA (15, 16).

Aptamers are in vitro selected single strand oligonucleotides that bind various target
molecules, e.g., proteins, small molecules, and toxins (15, 17-19). The thrombin binding
aptamer (TBA) used in this work is a 15mer DNA aptamer identified in 1992 to bind thrombin
exosite | (20). TBA has been studied extensively, and its binding structure has been

characterized by NMR spectroscopy (21) and X-ray crystallography (22). According to these



studies, TBA binds a-thrombin in an antiparallel quadruplex structure but shows no detectable
binding to y-thrombin or to other serum proteins or enzymes (23).

Interleukin (IL) 6 and thrombin are both relevant in multiple diseases, such as chronic
inflammation, autoimmunity, infectious diseases, cancer, neurodegenerative diseases, and
sepsis (24-27). More recently, both molecules have been found to play important roles in

severe coronavirus disease 2019 (COVID-19) and to serve as potential biomarkers (28).

COVID-19 can lead to a variety of complications, such as pneumonia, sepsis, respiratory arrest,
and acute respiratory distress syndrome (ARDS). COVID-19 results in significant mortality, and
ARDS is the main cause of death (29). Clinical data suggest that is one of the main mechanisms
of ARDS is cytokine storm syndrome, which involves an uncontrolled systemic inflammatory
response resulting from the extensive release of pro-inflammatory cytokines and chemokines
(e.g., tumor necrosis factor, IL-6, and IL-1B) (29, 30) and correlates with COVID-19 severity
(31). Blood levels of IL-6, a pro-inflammatory mediator, are lower in patients with mild disease
but significantly elevated in critically ill patients (32). Even higher IL-6 levels are found in
patients who die in the course of the disease (33). IL-6 levels therefore might be predictive of
fatal outcomes, and initial determination of IL-6 might provide an opportunity to assess
worsening clinical symptoms and COVID-19 progression (34, 35). IL-6 detection might even be
used to identify patients eligible for a specific immunosuppressive treatment (36). Moreover,
IL-6 stimulates coagulation cascades in response to SARS-CoV-2-induced inflammation by
disrupting the production of tissue factor and ultimately thrombin production (37), thus
contributing to coagulation abnormalities, coagulopathy, and thrombotic complications in
patients with severe COVID-19 (38, 39). Early detection of patients with increased risk of

coagulopathy by measuring thrombin might allow for timely therapeutic intervention and thus
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decrease SARS-CoV-2 microthrombosis and the associated poor outcomes.

Quantification of IL-6 and thrombin levels (40) therefore may be highly useful in COVID-19
treatment and monitoring of therapy. For IL-6, the clinical range in healthy adults is 1.0-5.0
pg/mL, but levels rapidly increase in disease and can reach concentrations on the order of
ug/ml in extreme conditions (e.g., septic shock) (24). Similarly, thrombin circulates at
picomolar concentrations in the blood and regulates coagulation. However, at sites of injury,
thrombin concentrations as high as several hundred nanomolar can be found. This process is
regulated by natural thrombin inhibitors and is localized. Nevertheless, free thrombin levels
of 5-20 nM indicate a high risk of thrombosis, and concentrations above 20 nM indicate
thrombosis (41). We therefore set out to develop a straightforward and fast test for both

parameters that requires minimal hardware for quantitative readout.

We present a duplex LFA system for detecting IL-6 and thrombin on the basis of red and green
guantum dot (QD) labels and readout through a 3D printed smartphone reader with a built-in
UV-LED light source. By splitting the colored pictures through RGB-channels, we achieved
guantitative optical duplex detection on the same test line. Therefore, the system is suitable
for multiparameter diagnostic applications while providing all benefits associated with POC

testing.

2. Materials and Methods

2.1. Materials

Carboxyl modified QDs (Qdot 525 ITK, Qdot 605 ITK) were purchased from Thermo Fisher
Scientific, (Waltham, USA). Two anti-human IL-6 antibodies (biotinylated goat polyclonal or

mouse monoclonal) were purchased from Peprotech (Hamburg, Germany). An amine
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modified thrombin binding aptamer (TBA: (5™-amine-TT TTT TTT TTTTTT TTT TTT GGT
TGG TGT GGT TGG-3")) and corresponding biotin labeled detection aptamer (HD22: 5'-
biotin-AGT CCG TGG TAG GGC AGG TTG GGG TGA CT-3") were purchased from
Integrated DNA Technologies IDT (Leuven, Belgium). Buffers and reagents were purchased
from Sigma Aldrich. All buffers and reagents were prepared with milliQ water (> 18 MQ).
Lateral flow test strips with a streptavidin test line and anti-mouse-antibody control line were
provided by R-Biopharm (Darmstadt, Germany). A human IL-6 ELISA kit was purchased from
PeproTech (Hamburg, Germany), and a human thrombin ELISA kit was purchased from Abcam

(Cambridge, MA).

2.2. Synthesis of QD labeled antibodies and aptamers

Carboxyl QD conjugates (Qdot ITK 525 for conjugation to anti-IL-6 antibody, Qdot ITK 605 for
conjugation to thrombin aptamer) were produced according to the following protocol:

Qdot ITK carboxyl stock solution (5 pl of 8 uM stock) was diluted in 50 pul MES (2-(N-
morpholino)ethanesulfonic acid) buffer (50 mM, pH 6.4). Then 5 pL EDC (N-ethyl-N'-(3-
dimethylaminopropyl)carbodiimide) (10 mg/mL in milliQ water) and 5 pL N-
hydroxysulfosuccinimide (sulfo-NHS) (10 mg/L, in milliQ water) were added, and the mixture
was incubated for 30 minutes under 500 rpm orbital mixing, at 22°C.

Then 80 pL antibody solution (monoclonal mouse anti-IL6, 0.5 mg/mL in phosphate buffered
saline (PBS) pH 7.4) was added to activated Qdot ITK 525 solution for QD-525-anti-IL-6-
conjugate synthesis, or 80 uL TBA (100 nM, in milliQ water) was added to activated Qdot ITK
605 solution for QD-605-TBA-conjugate synthesis. Both reaction mixes were adjusted to
200 plL with MES buffer (pH 6.4) and incubated for 90 minutes under 500 rpm, at 22°C. Then

150 pl HEPES (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid) buffer (50 mM, 0.1%
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Tween 20 (polyethylene glycol sorbitan monolaurate), and 10 mg/mL bovine serum albumin
(BSA), pH 7.4) were added. The conjugates were then stored at 4°C overnight.

2.3. Characterization of the QDs

Agarose gel electrophoresis of QDs before and after conjugation to the IL-6 antibody and TBA
was performed on a 1% (w/v) agarose gel in 1x Tris-acetate-EDTA buffer. Electrophoresis was
performed at 10 V/cm for 20 minutes, and pictures were taken with a Gel iX20 Imager device
(Intas, Gottingen, Germany). Fluorescence spectrum measurements were collected with a
TECAN Infinite 200Pro plate reader from Tecan Group Ltd. (Médnnedorf, Switzerland). The
prepared conjugates were diluted in ddH,0 to 100 uL. Afterward, the QDs were excited at 365
nm, and the fluorescence emission between 450 and 600 nm for QD525, or 550 and 700 nm
for QD605, was recorded. Emission peaks were normalized to the peak maximum and plotted
against the wavelength. DLS-spectra were acquired with a Zetasizer Nano ZS instrument
(Malvern, Worcestershire UK).

2.4. Running buffer and assay component optimization

The buffer volume was 90 plL for single-plex experiments and 80 uL for duplex experiments.
For all experiments, a volume of 10 uL of each QD conjugate (QD-525-anti-IL-6-conjugate or
QD-605-TBA-conjugate) was used per lateral flow strip.

The following buffers were tested: LFA running buffer (50 mM bis-Tris, 8% Triton X-100 (t-
octylphenoxypolyethoxyethanol), and 0.3% BSA, pH 7.5), aptamer binding buffer (20 mM Tris-
HCI, 140 mM NacCl, and 2 mM MgCl;, pH 7.5), and aptamer binding buffer with an additional
8% Triton X-100, a mix of 50% aptamer binding buffer and 50% LFA running buffer, and PBST
(1x PBS with 0.1% Tween20). A 20 uL volume of buffer was replaced with the corresponding

analyte (IL-6 250 nM, thrombin 866 nM). A 2.5 uL volume of the buffer was replaced with IL-

7



6 detection antibody (50 pg/ml) for the IL-6 experiments, and a 0.625 pL volume was replaced
with HD22 (1 uM) for the thrombin experiments.

2.5. LFA assay procedure

In the single-plex experiments, 10 uL of either QD-525-anti-IL-6-conjugate or QD-605-TBA-
conjugate was added to the prepared samples in aptamer binding buffer with 8% Triton X-100
and either 0.625 puL HD22 (1 uM) in thrombin assays or 2.5 uL IL-6 detection antibody (50
ug/ml) in IL-6 assays, in a 2 ml flat bottom reaction vessel. Similarly, in the duplex experiments,
10 uL of each QD conjugate was added to the prepared samples in aptamer binding buffer
with 8% Triton X-100 containing 0.625 pL HD22 (1 uM) and 2.5 pL IL-6 detection antibody (50
pug/ml) in a 2 ml flat bottom reaction vessel. The final volume of the prepared reaction mixes
was fixed at 100 pL. For serum experiments, 10 uL of buffer was replaced by human serum to
achieve a content of 10% serum. Lateral flow strips were then placed in the prepared mixture.
Samples were given 15 min to flow through the LFA strips, and were then allowed to dry for 5
minutes and imaged for further analysis.

2.6. Specificity experiments

To assess the specificity of the assay, we challenged the LFA strips with structurally similar
molecules as controls. For the thrombin response, prothrombin at a final concentration of
173.2 nM; a mix of thrombin (86.6 nM) and antithrombin 1ll (200 nM); and a mix of
prothrombin (86.6 nM) with antithrombin Il (100 nM) were used. For the IL-6 response, IL-2
(50 nM) and IL-8 (50 nM) were used. The thrombin/antithrombin Il mixes were preincubated
for 30 minutes at room temperature. Similarly to the protocol for the duplex experiments, 10
uL of each QD conjugate was added to the prepared samples in aptamer binding buffer with

8% Triton X-100 containing 0.625 uL HD22 (1 uM) and 2.5 uL of IL-6 detection antibody (50
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ug/ml) in a 2 ml flat bottom reaction vessel. The final volume of the prepared reaction mixes
was fixed at 100 pL.

2.7. ELISA experiments

The thrombin ELISA kit was used according to the manufacturer’s protocol. Thrombin was
diluted in 1x diluent to final amounts of 0, 0.00215, 0.0043, 0.0086, 0.0172, and 0.0258 pmol.
For the recovery experiments, thrombin was diluted to the same concentrations in 1x diluent
containing 10% serum. To account for variability, each concentration was assayed in
quintuplicate, with 50 pl sample per well. The samples were incubated for 2 hours at room
temperature. The biotinylated detection antibody was incubated for 1 hour, and this was
followed by a 30 minute incubation step with streptavidin-peroxidase conjugate. After each
step, the plates were washed five times with 200 pl 1x wash buffer per well; 15 minutes after
the addition of the chromogen substrate, the stop solution was added. The absorbance was
measured on a TECAN infinite 200Pro plate reader at a wavelength of 450 nm with 570 nm as
the reference wavelength.

A Human IL-6 Standard ABTS ELISA kit was used according to the manufacturer’s protocol. A
Nunc-MaxiSorp™ flat bottom 96-well plate (Thermo Fisher) was coated with 100 ul capture
antibody at a concentration of 0.5 pug/ml overnight at room temperature. Unbound sites were
blocked with 300 pl blocking buffer (1x PBS and 1% BSA, pH 7.2) per well for 1 hour at room
temperature. IL-6 was diluted in diluent (1x PBS, 0.05% Tween-20, and 0.1% BSA, pH 7.2) to
final amounts of 0, 0.000625, 0.00125, 0.0025, 0.005, and 0.0075 pmol. For the recovery
experiment, the IL-6 was diluted to the same concentrations in diluent containing 10% serum.
To account for variability, each concentration was assayed in quintuplicate, with 100 pl sample

per well. The samples were incubated for 2 hours at room temperature. The biotinylated



detection antibody (1 pug/ml) was incubated for 2 hours, and this was followed by a 30 minute
incubation step with avidin-HRP conjugate. After each step, the plates were washed four times
with 300 pl wash buffer (PBS and 0.05% Tween-20, pH 7.2) per well. A 100 ul volume of ABTS
solution was added per well, and the absorbance was measured after 30 min at a wavelength
of 405 nm, with 650 nm as the reference wavelength.

2.8. Smartphone imager: 3D-printed LFA reader for Huawei P30 Pro

Pictures of the LFA test strips were taken with a Huawei P30 Pro smartphone by using a 3D-
printed dark box (Figure 1). The developed smartphone imager was composed of four 3D-
printed parts (bottom part, top part (consisting of a lid and exchangeable smartphone
adapter), and sample plate for seven LFA strips) and was equipped with a 365 nm UV-LED light
source consisting of a UV-LED, & 50 mm aluminum heatsink, 350 mA power supply, and power
supply cable with a switch for connection to the European standard 220 V power grid. The
Huawei P30 Pro camera provided 40 MP resolution. Pictures were taken without zoom and
with the flash disabled, under standard settings. The 3D-models for download and the
technical specifications of the electronic components are provided in the Electronic
Supplementary Material. All 3D-printed parts were produced with an Ultimaker 3 printer with
black and red PLA filament at 0.2 mm layer height resolution. As a reference readout system,
a Biolmager (ChemStudio Plus, Analytic Jena) equipped with suitable emission bandpass filters

was used.
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Figure 1: Smartphone imager consisting of 1) a bottom
part equipped with a UV-LED light source, 2) a top part
comprising a darkbox lid equipped with an
exchanﬁeable adapter for a Huawei P30 Pro
smartphone, and 3; a sample plate for up to seven LFA
strips (5 mm width).

2.9. Data processing: color separation

Images captured with the Biolmager (ChemStudio Plus, Analytik Jena) and the smartphone
imager were analyzed in Imagel. With the Biolmager, images were captured with the
corresponding emission filters (565—625 nm bandpass, Omega Optical nr. 595BP60/50 for red
particles; 514-557 nm bandpass, Omega Optical nr. 535BP60/50 for green particles). This
process resulted in separate images for each analyte. The images were quantified with the gel
analyzer tool, and the signal was plotted against the concentration. In the case of the
smartphone dark box, no physical emission filters were used. The smartphone images were
first split into RGB channels and then analyzed with the gel analyzer tool.

Data analysis (plotting, fitting with linear and non-linear regression analysis, and statistical
significance analysis) was performed in GraphPad Prism version 8.02 for Windows, La Jolla

California USA, www.graphpad.com.
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3. Results and discussion

3.1. QD conjugate characterization

Fluorescence emission spectra, agarose gel electrophoresis, and dynamic light scattering were
used to verify the successful conjugation of the IL-6 antibody and TBA to the QDs. The emission
spectra showed a shift of approximately 2 nm for the IL-6 QD conjugates and 1 nm for the TBA
QD conjugates (Figure S2). This behavior is in agreement with reports in previous publications,
reviewed in (42). Because most modern QDs are synthesized to avoid any significant changes
to their optical properties after bioconjugation, agarose gel electrophoresis was used to
further study the conjugates and confirm successful conjugation. A band shift was observed
(Figure S2) after conjugation for both QD conjugates. DLS spectra (Figure S2) further confirmed
the successful conjugation of the antibodies and aptamers (diameters: QD525-unconjugated,

11.7 nm; QD525-anti IL-6, 15.7 nm; QD605-unconjugated, 21.0 nm; and QD605-TBA, 28.2 nm).

3.2. Running buffer optimization

The binding of aptamers as well as antibodies is highly dependent on the buffer’s salt
concentration. Different buffers were tested in a single-plex format with either the QD-605-
TBA-conjugate for thrombin detection or the QD-525-anti-IL-6-conjugate for IL-6 detection, to

identify the optimal multiplex running buffer.

For the QD-605-TBA-conjugates, as shown in Figure S2, no signal was detected with the LFA
running buffer, owing to a lack of monovalent and divalent cations in the buffer. The aptamer
binding buffer showed a high signal, albeit with a very high background because of the lack of
surfactants and the passive adsorption of the QD conjugates on the lateral flow membrane.
The highest binding was obtained with the aptamer binding buffer containing 8% Triton X-
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100; this result was attributable to the aptamer’s dependence on the salt concentration for
proper folding and subsequent binding, and the blocking of non-specific adsorption by the
surfactant. A mix of 50% LFA buffer and 50% aptamer binding buffer showed a deterioration
in binding, owing to the decrease in salt concentration, whereas PBST showed suboptimal

binding, thus indicating the aptamer’s dependency on cations.

In contrast, the QD-525-anti-IL-6 conjugates showed optimal binding with the LFA running
buffer. The aptamer binding buffer led to aggregation of the conjugates, and no signal was
detected. The aptamer binding buffer with 8% Triton X-100 as well as the 50% aptamer binding
buffer-50% LFA running buffer showed comparable signals and slightly inhibited binding. PBST

had a lower signal than both buffers.

The data clearly indicated that a trade-off was necessary, because no buffer conditions were
simultaneously optimal for both the antibody and the aptamer conjugates. The aptamer
running buffer with Triton X-100 was chosen for further experiments. This buffer showed the
highest signal for the thrombin binding conjugates and acceptable performance for the IL-6
conjugates.

3.3. Optimization of the amounts of HD22 and IL-6 detection antibody

Different amounts of the detection aptamer and the IL-6 detection antibody were tested in a
single-plex format. In the case of the detection aptamer (Figure S3), increasing amounts led
to inhibition of the test line signal, because the free HD22 saturated the test line and inhibited
the binding of the QDs. Decreasing the amount led to a constant signal, thus indicating that
all the HD22 was bound to the QD-TBA-thrombin complex. However, there was no significant

difference in the signals obtained with different IL-6 detection antibody concentrations (Figure
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S4). Therefore, volumes of 2.5 uL detection antibody and 0.625 pL HD22 per strip were used
for developing the assay.

3.4. Single-plex and setup testing

To test the optimized assay conditions, we challenged the lateral flow strips with different
concentrations of the analyte in a single-plex format. Then images were captured with the
smartphone setup (RGB photos) and the Biolmager with the corresponding filters (grayscale
photos). To validate the designed smartphone box imaging setup, we compared the signals
with the Biolmager results. For IL-6 (Figure S5), the data showed a concentration dependent
signal for both setups; however, the smartphone signals were slightly higher than the imager
signals. In contrast, for thrombin (Figure S6), the results with the two setups agreed well;
nevertheless, the smartphone showed a relatively higher signal attributable to the sizes of the
camera sensors in both setups. The smartphone setup thus was comparable to the Biolmager
and therefore could be used for quantification of the QD-labeled aptamers and antibodies.

3.5. Duplex LFA IL-6/thrombin

Under the optimized assay conditions, the lateral flow strips were simultaneously challenged
with increasing concentrations of thrombin and IL-6 (1:1 ratio). After a buffer running time of
15 minutes, the strips were allowed to dry for 5 minutes, and images were captured with the
smartphone setup; the images then were processed (RGB splitting) and analyzed in Image)
(Figure S8). As seen in Figures 2 and 3, a concentration dependent response from both the red
and green channels was detected. For IL6, the data showed a linear response with a limit of
detection (limit of detection = blank mean value + 3*SDpjank) of 100 pM. In contrast, thrombin
showed a typical binding curve with exponential behavior, a limit of detection of 3 nM, and a

Kp value of 146 + 21 nM, which is comparable to previously published Kp values in the
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nanomolar range (97.6 £ 2.2 nM (43) and 102.6 £ 5.1 nM (44)). In addition, the limits of
detection and quantification for thrombin were comparable to those of published aptamer

LFA methods (2.5 nM (45) and 0.85 nM (46)).
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Figure 2 Plot of test line signal intensity (A.U.) against the amount of thrombin (pmol) in the sample (100 uL).
The test line intensity was measured in Imagel software (gel analyzer tool). The points show the mean values,
and the error bars represent the standard deviation n=5. The line represents the best fit with the one site total
binding equation Y=Bmax*X/(Kd+X) + NS*X + background, adjusted r>= 0.9948. The dashed lines represent the
95% Cl of the best fitting lines. The inset shows a monochromatic image of the LFA strips’ red channel after
digital RGB splitting in ImageJ (CL: control line, TL: test line).
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Figure 3 Plot of test line signal intensity normalized to that of the control line (A.U.) versus the IL-6 amount
(pmol) in the sample (100 uL). The test line and control line intensity values were measured in Image) software
(gel analyzer tool). The points show the mean values, and the error bars represent the standard deviation n=5.
The line represents the best fit with the equation Y = 0.05X + 0.0784 r?= 0.9520. The dashed lines represent the
95% Cl of the best fitting lines. The inset shows a monochromatic image of the LFA strips’ green channel after
digital RGB splitting in ImageJ (CL: control line, TL: test line).

3.6. Serum experiments and recovery
To test the matrix effect in the assay, we challenged the lateral flow strips with 10% serum
content in samples containing IL-6 and thrombin in increasing concentrations. The recovery
rates and coefficients of variation are shown in Table 1. The recovery rates for IL-6 and
thrombin were 86—130% and 80-120% (Figures S9 and S10), with a CV % average of 9.8 + 3.4

and 14.2 + 3.1, respectively.

Table 1: Percentage recovery for IL-6 (pmol) and thrombin (pmol) and the coefficients of variation n=5.

IL6 (pmol)/thrombin (pmol) Recovery % CV%
0.625/2.15 86.64/126 13.41/17.84
1.25/4.3 108.5/105.33 10.25/15.98
2.5/8.6 96.55/86.71 4.17/13.39
5/17.2 135.76/80.45 11.66/9.56
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3.7. Specificity of the response of the LFA

The specificity of thrombin binding aptamers has been extensively studied (41). TTBA has been
found to cross react with prothrombin, and binding to thrombin has been found to be
inhibited by antithrombin Ill. In contrast, HD22 is more selective toward free thrombin and
shows no cross reactivity to prothrombin. Because both aptamers were used in the LFA, the
specificity of the response was tested. For prothrombin as well as thrombin/antithrombin IlI
and prothrombin/antithrombin Ill, no test line was detected at concentrations of 173.2 nM
(17.2 pmol), 86.6 nM (8.6 pmol)/200 nM (20 pmol), and 86.6 nM (8.6 pmol)/100 nM (10 pmol),
respectively (Figure S11). These results were consistent with previously published results (41),
in which the use of both aptamers in a sandwich assay increased the selectivity for free
thrombin. Additionally, when we challenged the LFA strips with IL-2 and IL-8 at a concentration
of 50 nM, we observed a clear control line but no detectable test lines (Figure S12). This result
was expected because the monoclonal antibodies used are highly specific for IL-6.

3.8. Comparison with published assays and ELISA

Various approaches to design a POC assay for IL-6 and thrombin have been described in the
literature (Table 2). Nevertheless, no duplex assay for both analytes has been described. For
IL-6 and thrombin, the most sensitive approaches are based on ELISA with detection limits
reaching low pg/ml and ng/ml concentrations, respectively. However, most of these assays
are time intensive, including incubation, washing, and detection steps requiring up to 5
hours. In contrast, lateral flow approaches provide faster results with lower sensitivity.
Nevertheless, these approaches can be used to detect and quantify abnormal concentrations
and disease conditions. In comparison to the published methods, this method can detect

both analytes simultaneously in 20 minutes through smartphone-based quantification.
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Table 2: Comparison of assays reported for the quantification of IL-6 and thrombin.

Analyte/assay format LOD Reference
IL-6/LFA 0.38 ng/mL (47)
IL-6/LFA 15 pM (0.31 ng/ml) | (6)

IL6- electrochemiluminescence immunoassay 2.63 pg/mL (48)
IL-6/LFA 100 pM (2.1 ng/ml) | This work
Thrombin/microfluidic aptasensor 8.21 nM (49)
Thrombin/LFA 0.85 nM (46)
Thrombin/LFA 1.5nM (50)
Thrombin/electrochemiluminescence aptasensor 10 nM (51)
Thrombin/LFA 3 nM This work

To further compare the LFA method to well established assays, we used ELISA as a reference
method for both analytes. The assay was performed in single-plex format, because no
duplex ELISA kit is available for both analytes. The results (Figure S13 and S14) showed high
agreement between the ELISA and the LFA methods (r = 0.996 and P = 0.004 for thrombin; r
=0.992 and P = 0.0077 for IL-6).

4. Conclusion

This work presents a simple, cost efficient LFA combined with an affordable smartphone
detection system for determination of thrombin and IL-6. Although IL-6 quantification
displayed a higher limit of detection, owing to the buffer components and the affinity of the
antibodies, the assay performed well in complex media (10% serum). Therefore, this assay
could be applied to analyze real samples. The simplicity and efficiency, combined with
smartphone quantification, make this assay ideal for POC application in low resource settings.

A novel combination of aptamers and antibodies with QD labels allows for smartphone-based
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guantification. The 3D printed dark box could be modified to fit other smartphones for the

simultaneous quantification of IL-6 and thrombin.
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3D-models: all 3D-printed parts where produced with an Ultimaker 3, 3D-printer at 0.2mm
layer height resolution in black and red PLA.

3D-models are available in the ESM

Figure S1: 3D-printed parts for smartphone reader a) bottom part (105 x 133 x 117 mm),
holder for UV-LED and electronics, b) Lid (110 x 140 x 112 mm), c) sample plate for up to 7
LFA-strips (90 x 110 x 10 mm), d) Adapter for Huawei P30 Pro (97 x 133 x 8 mm)

Electronic components (LED light source):

UV-LED: model: NCSU276A UV SMD-LED on 10x10mm circuit board (Nichia, Japan)
P=780mW, A=365nm center wavelength

Power supply: model: SLP033SS (Eaglerise Electric, China)

Input: 100-240V AC (50/60 Hz, 0.08A)
Output: I=350mA, 0.5-10V DC
Heatsink: model: ICK'S R 50 x 20 (Fischer Elektronik, Germany)

#=50mm, h=20mm

All components where purchased from LUMITRONIX LED-Technik (www.leds.de, Germany). The LED-
module was attached to the center of the heatsink with double sided heat conducting adhesive tape
attached to the darkbox with heat resistant glue and wired according to manufacturer’s
recommendation.
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Figure S2 Characterization of the prepared Quantum Dot conjugates. (a) Fluorescence
emission spectra of QD525 and QDGOSéb) Agarose gel electrophoresis of Quantum Dots prior
-) and after (+) conjugation to antibodies IL-6 (QD525) or thrombin binding aptamer (TBA)
QD605). (c) Dynamic light scattering of Quantum Dots and corresponding antibody and
aptamer conjugates. Diameters; QD525- unconjugated: 11.7 nm, QD525-anti IL-6: 15.7 nm,
QD605-unconjugated: 21.0 nm, QD605-TBA: 28.2 nm (DLS-spectra acquired with Zetasizer
Nano ZS; Malvern Worcestershire UK)
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Figure S3 Plot comparing test line signal intensity (A.U.) of thrombin QDs (left y-axis),
normalized signal intensity (test line /gcontrol line) of IL-6 QDs in different buffers. The
intensity of the lines was measured using ImagelJ software (gel analyzer tool). The points show
the mean value and the error bars represent the standard deviation n=5.
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Figure S5 Plot of normalized signal intensity (A.U.) for different amounts of IL-6 detection
antibody (volume in uL from a 50 pg/ml stock solution). The signal intensity was measured
using Imagel software (gel analyzer tool) then normalized to the control line signal. The points
show the mean value and the error bars represent the standard deviation n=2.
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Figure S6 Plot comparing normalized signal intensity (test line/control line A.U.) of images
captured using the Biolmager and the smartphone setup for the green QDs conjugates. The
test line intensity was measured using ImagelJ software (gel analyzer tool). The points show
the mean value and the error bars represent the standard deviation n=5.
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Figure S8 a representative image of the lateral flow strips captured using the smartphone
setup (colour image with blue channel subtracted) and after splitting of the channels using
imagej to green and red respectively a) negative control (no analyte), b) 2.15 pmol thrombin
and 0.625 pmol IL-6, and c) 17.2 pmol thrombin and 5 pmol IL-6.
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Figure S11 a representative image of the lateral flow strips captured usin%]the smartphone
setup (colour image with blue channel subtracted) from left to right, prothrombin
thrombin/antithrombin Il and prothrombin/antithrombin lll. No test line signal could be

detected.

Figure S12 a representative imaﬁe of the lateral flow strips captured using the smartphone
setup (colour image with blue channel sulo_tracte_d?1 from left to right, prothrombin
thrombin/antithrombin Il and prothrombin/antithrombin lll. No test line signal could be

detected.
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Conclusions

The Ultimate goal of point of care assay design is a platform combining simplicity,
sensitivity, high-throughput and multiplexing capabilities. However, this aim remains
quite challenging and a compromise on one or other parameter has to be made. This
is usually due to immunoassay format and readout limitations. Through this research, I
designed novel point of care platforms to address these bottlenecks with specific focus
on small molecules. On the high-throughput front, combining aptamers with qPCR in-
strument to measure the melting temperatures allows for analyzing up to 96 samples in
a matter of minutes. In contrast to mass spectrometry, the technique is simple, has low
sample requirement and is less complex. Moreover, the availability of qPCR in clinic
settings as opposed to mass spectrometry makes the transfer to point of care straightfor-
ward. While multiplexing is theoretically possible through using different aptamers, it
has yet to be experimentally confirmed. On the other hand, the capillary-magnetic parti-
cles platform offers simplicity combined with high sensitivity and directly proportional
analyte dependent signal. The assay simplicity, low cost and visual detection makes it an
optimal option for small molecules quantification as a point of care platform. Compared
to other visual detection point of care, the use of magnetic particles and plastic capillaries
allows spatial separation as well as the inclusion of washing steps if needed. Nonetheless,
multiplexing using this platform is limited to a combination of different capillaries in a
cassette or a device. Building on this, I developed an LFA for IL-6 and thrombin using
quantum dots with different emission spectra. This enabled the simultaneous detection
of two analytes on the same test line. Additionally, it was combined with a smartphone
3D printed readout setup. The use of universal lateral flow with streptavidin and mouse

antibody allows the simple transfer of the setup to other targets.
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The results of this work lay the groundwork for alternative non conventional point of
care assays. It presents different platforms based on state of the art components. While
this is sufficient as a proof of concept, the transfer to routine diagnostics requires in
depth validation studies. On the other hand, it offers fast and simple platforms for other

non-clinical applications e.g. environmental monitoring.

In summary, aptamers can be incorporated in traditional and non-traditional assay for-
mats. They provide alternatives specifically for challenging molecules to antibodies e.g.
small molecules and toxins. Nevertheless, further research and full characterization of
aptamers binding structures is still needed. Additionally, a focus on gaps where antibod-

ies fail to provide solutions, might bring aptamers to their full potential.
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Detection of target molecules by determining the melting temperature of a

recognition molecule

Technical field
The present invention relates to a method of detection of at least one target
molecule comprising determining the melting temperature change upon binding to at
least one recognition molecule, an aptamer and its use in said method, a use of said
method for determination of thermodynamic properties of binding between a recognition
molecule and a target molecule, a use of said method for the identification of recognition
molecules recognizing a known target, and the use of calorimetry for the detection of a

target molecule in a liquid sample.

Background of the Invention
The reliable detection and quantification of small molecules, such as metabolites
and signalling molecules found endogenously in living organisms or toxins as well as
contaminants found in the environment, independent of HPLC and mass spectrometry

remains a challenge.

The use of HPLC systems requires expensive equipment and well-trained
personnel. On the other hand, biosensors or assays based on antibodies specific for
small molecules lack the high throughput and suffer from drawbacks usually associated
with the assay format e.g. lack of immunogenicity, the need for labelling in competitive
formats or the requirement for two binding epitopes for sandwich formats, as these are

hardly compatible with small molecule targets.

In contrast, aptamer-based biosensors can address these drawbacks. They are
advantageous over antibodies in terms of cost, stability, reversibility of denaturation,
sensitivity, and specificity. Methods based on aptamers for protein detection and
quantification vary a lot and offer a variety of approaches such as fluorescence sensors,

electrochemical sensors, aptamer arrays and aptamer-gold nanoparticles sensors.

However, due to difference in mass and size, most aptamer-based biosensors for

small molecules mentioned in the literature require a complex setup and a sophisticated
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detection method to achieve the high throughput performance. Moreover, they usually

require immobilization of aptamers and/or washing and incubation steps.

Aptamers are RNA/DNA sequences capable of binding to target molecules
specifically and with high affinity. They were first introduced in 1990 through an in-vitro
selection process known as systemic evolution of ligands by exponential enrichment
(SELEX). Various aptamers against small molecules have been reported in the
literature (McKeague, M. & DeRosa, M.C. Challenges and Opportunities for Small
Molecule Aptamer Development. Journal of Nucleic Acids 2012, 20 (201 2).).

The uniqueness of aptamers relates to conformational changes associated with
binding. Aptamers adopt different conformational structures based on internal base
pairings e.g. stem loops, G-quadruplexes and pseudoknots. These structures are either
stabilized or destroyed upon target binding. In fact, this feature of nucleic acids has
been used to design molecular beacons to signal the presence of specific target nucleic

acid sequence.

Based on this concept, Hamaguchi et al. (Hamaguchi, N., Ellington, A. & Stanton,
M. Aptamer beacons for the direct detection of proteins. Anal Biochem 294, 126-131
(2001 ).) developed an aptamer beacon where target induced conformational change
enabled detection and quantification of thrombin using a fluorophore on one end of the
loop and a quencher on the other. This homogeneous assay format does not require
immobilization of the biorecognition molecules on solid support thus evading the
dependence on the relatively slow diffusion kinetics faced by common bioassays, but

driving the bioreaction by its fast binding kinetics.

One of the major drawbacks faced by solid phase assays and biosensors lies in
the dependence on mass transport rather than the fast assay kinetics. Differential
scanning fluorimetry has been used to identify low-molecular-weight ligands that bind
and stabilize purified proteins and the governing thermodynamics have been studied
extensively. It has been recently shown that quantifying proteins using
thermofluorimetric analysis is possible (Hu, J., Kim, J. & Easley, C.J. Quantifying

Aptamer-Protein Binding via Thermofluorimetric Analysis. Analytical methods:
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advancing methods and applications 7, 7358-7362 (201 5); Kim, J. et al. Protein
guantification using controlled DNA melting transitions in bivalent probe assemblies.
Anal Chem 87, 9576-9579 (2015).).

This method, however, depends on a DNA intercalating dye as a reporter
molecule e.g. SYBR green. SYBR green has associated drawbacks and limitations
which include the shift of melting temperature of the DNA depending on the dye

concentration and preferential binding to DNA fragments with higher GC content.

SYBR green is also known to compete with target binding leading to imprecise
estimation of the melting temperature. This competition of SYBR green and similar
intercalating dyes, has been applied to quantify target binding through fluorescence
signal change upon target binding. Moreover, quantification was through the
fluorescence signal and peak height and not related to the determination of a melting
temperature shift. A similar principle was applied for the quantification of cyclic

adenosine monophosphate with an antibody-oligonucleotide construct.

Accordingly, it remains a problem to reliably detect and quantify small molecules,
such as metabolites and signalling molecules as well as contaminants found in the

environment, independent of the use of HPLC and mass spectrometry.

Therefore, a novel method is required for easy, quick and reproducible
determination of the presence of small target molecules and their quantity down to very

low concentrations.

It is thus an object of the present invention to provide a novel method for detection

of at least one target molecule.

It is a further object of the present invention to provide a novel aptamer molecule

which could be used in said method, and its use therein.
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It is another object of the present invention to provide a use of this method for
determination of thermodynamic binding properties as well as for the identification of

recognition molecules able to recognize a known target.

Ultimately, it is another object of the present invention to provide a use of

calorimetry for the detection of a target molecule in a liquid sample.

Summary of the Invention
These objects have been solved by the aspects of the present invention as

specified hereinafter.

According to the first aspect of the present invention, a method of detection of at
least one target molecule is provided comprising contacting a liquid sample with at least
one recognition molecule, wherein the at least one recognition molecule is able to
specifically bind to the at least one target molecule, wherein specific binding of the at
least one recognition molecule to the at least one target molecule induces a change in
the melting temperature of the recognition molecule, and determining the melting
temperature of the at least one recognition molecule after contacting with the liquid
sample, and comparing the melting temperature of the at least one recognition molecule
which has been determined in the step of determining the melting temperature with a
standardized curve to identify the presence of the at least one target molecule in the

liquid sample.

According to a preferred embodiment of the first aspect of the invention, the
melting temperature of the at least one recognition molecule is determined by

monitoring the temperature melting curve of the liquid sample.

According to another preferred embodiment of the first aspect of the invention, the
detection of the at least one target molecule is a quantitative detection or quantification

of the concentration of the at least one target molecule in the sample.

According to another preferred embodiment of the first aspect of the invention, the

method for detection of at least one target molecule is based on calorimetry, preferably
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wherein detection of fluorescence and/or UV absorbance does not form part of the

method.

According to yet another preferred embodiment of the first aspect of the invention,
a standardized calibration curve for the relation between melting temperatures and
concentration of the at least one target molecule is prepared prior to contacting the
liquid sample with at least one recognition molecule according to the method of the first

aspect of the invention.

According to a preferred embodiment of the first aspect of the invention, the
change in the melting temperature of the at least one recognition molecule is detected
by measuring a melting profile of the liquid sample, preferably by using a calorimetry

device, more preferably by using a quantitative PCR (qPCR) machine.

According to a preferred embodiment of the first aspect of the invention, one
recognition molecule specifically binding to one target molecule is present in the liquid

sample.

According to another preferred embodiment of the first aspect of the invention, two
or more different recognition molecules are contacted with the liquid sample, wherein
each of the two or more different recognition molecules is able to specifically bind to a
different target molecule and/or wherein each of the two or more recognition molecules
has a different temperature melting curve influenced by binding to its respective target

molecule.

According to one preferred embodiment of the first aspect of the invention, the
recognition molecule(s) is/are selected from the group comprising aptamers,
spiegelmers, RNA, DNA, modified nucleic acids, affimers, or the like, preferably wherein
the recognition molecule(s) is/are (an) aptamer(s), more preferably wherein the

recognition molecule(s) is/are (an) aptamer beacon(s).

According to a preferred embodiment of the first aspect of the invention, the

recognition molecule(s) is/are immobilized.
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According to another preferred embodiment of the first aspect of the invention, the
at least one target molecule is selected from the group comprising small molecules,
pharmaceuticals, ions, proteins, peptides, receptors, pollutants, drugs, cells or parts of
cells, bacteria, viruses, or the like, preferably wherein the at least one target molecule

does not consist of RNA or DNA.

According to yet another preferred embodiment of the first aspect of the invention,
a pair of fluorophore and quencher are provided on one or more of the at least one
recognition molecules provided in the liquid sample and wherein the pair of fluorophore
and quencher provided on one or more of the at least one recognition molecule are
brought into spatial proximity upon binding to the target molecule, preferably wherein a
pair of fluorophore and quencher are provided on each of the at least one recognition

molecules.

According to a preferred embodiment of the first aspect of the invention, a pair of
Forster resonance energy transfer (FRET) donor and FRET acceptor molecules are
provided on one or more of the at least one recognition molecules provided in the liquid
sample and wherein the pair of FRET donor and FRET acceptor molecules provided on
one or more of the at least one recognition molecule are brought into spatial proximity
upon binding to the target molecule, preferably wherein a pair of FRET donor and FRET

acceptor molecules are provided on each of the at least one recognition molecules.

According to one preferred embodiment of the first aspect of the invention, at least
one recognition molecule is in the form of an aptamer beacon, and at least one different
recognition molecule is not in the form of an aptamer beacon, and these recognition

molecules can compete for binding to the target molecule.

According to one more preferred embodiment of the first aspect of the invention,
the at least one recognition molecules in the form of an aptamer beacon is labelled,
preferably fluorescently labelled, more preferably by a pair of fluorophore and quencher

and/or by a pair of FRET donor and FRET acceptor molecules, as defined hereinabove.
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According to an even more preferred embodiment of the first aspect of the
invention, the at least one recognition molecule in the form of an aptamer beacon has a
shorter sequence than the at least one different recognition molecule not in the form of

an aptamer beacon.

According to another preferred embodiment of the first aspect of the invention, the
method further involves determination of temperature-dependent Circular Dichroism
(CD) spectra and comparison with standardized CD spectra and/or defined points of a

standardized CD curve.

According to yet another preferred embodiment of the first aspect of the invention,
the method further involves determination of UV absorbance and/or a fluorescent signal

and comparison with a standardized UV absorbance or fluorescence curve.

According to a more preferred embodiment of the first aspect of the invention, a
standardized calibration curve for the relation between the CD spectra and/or the UV
absorbance and/or the fluorescent signal and concentration of the target molecule is
prepared prior to contacting the liquid sample with at least one recognition molecule

according to the method of the first aspect of the invention.

According to an even more preferred embodiment of the first aspect of the
invention, the step of comparing the melting temperature of the method of the first
aspect of the invention includes comparing the CD spectra and/or the UV absorbance
and/or the fluorescent signal determined in the step of determining the melting
temperature of the method of the first aspect of the invention with standardized CD
spectra or a standardized UV absorbance or fluorescence curve to identify the presence

of the at least one target molecule in a sample.

According to the second aspect of the present invention, an aptamer of SEQ ID
No. 1 (ATT CAATTT GAG GCG GGT GGG TGG GTT GAA T ; 31 nucleotide

ethanolamine aptamer) is provided.
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According to the third aspect of the present invention, a use of the aptamer
according to the second aspect of the present invention in the method according to the

first aspect of the invention is provided.

According to the fourth aspect of the present invention, a use of the method
according to the first aspect of the invention for determination of thermodynamic

properties of binding of a recognition molecule to a target molecule is provided.

According to the fifth aspect of the present invention, a use of the method
according to the first aspect of the invention for the identification of recognition

molecules recognizing a known target is provided.

According to the sixth aspect of the present invention, a use of calorimetry for the
detection of a target molecule in a liquid sample by using a recognition molecule able to
specifically bind to the target molecule is provided, wherein the recognition molecule
bound to the target molecule has a different temperature melting curve in comparison to

the recognition molecule alone.

Description of Figures
Figure 1 shows the melting temperature in °C plotted against the concentration of

ampicillin.

Figure 2 shows the melting temperature in °C plotted against the concentration of

ethanolamine.

Figure 3 shows the melting temperature of the 42 nt ethanolamine-binding
aptamer of SEQ ID No. 2 in °C for the negative control in buffer and upon addition of

1uM phenylethylamine.

Figure 4 shows raw signal data from the gPCR machine for temperature in °C
plotted against fluorescence intensity in case of ampicillin and the ampicillin-binding

aptamer of SEQ ID No. 3.
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Figure 5 shows a first derivative graph of the signal measured over temperature in

case of ampicillin and the ampicillin-binding aptamer of SEQ ID No. 3.

Figure 6 shows raw signal data from the gPCR machine for temperature in °C
plotted against fluorescence intensity in case of ethanolamine and the 31 nt

ethanolamine-binding aptamer of SEQ ID No. 1.

Figure 7 shows afirst derivative graph of the signal measured over temperature in

case of ethanolamine and the 31 nt ethanolamine-binding aptamer of SEQ ID No. 1.

Figure 8 shows raw signal data from the gPCR machine for temperature in °C
plotted against fluorescence intensity in case of ampicillin and the scrampled ampicillin-

control sequence of SEQ ID No. 4.

Figure 9 shows a first derivative graph of the signal measured over temperature in

case of ampicillin and the scrampled ampicillin-control sequence of SEQ ID No. 4.

Figure 10 shows raw signal data from the gPCR machine for temperature in °C
plotted against fluorescence intensity in case of ethanolamine and the scrambled

ethanolamine-control sequence of SEQ ID No. 5.

Figure 11 shows a first derivative graph of the signal measured over temperature
in case of ethanolamine and the scrambled ethanolamine-control sequence of SEQ ID

No. 5.

Figure 12 shows a) the melting profile of different concentrations of the 42 nt
ethanolamine-binding aptamer of SEQ ID No. 2 using 10X SYBR green, b) the melting
profile of different concentration of the 31 nt ethanolamine-binding aptamer of SEQ ID
No. 1 using 10X SYBR green, c) the melting profile of different concentrations of the 42
nt ethanolamine-binding aptamer beacon of SEQ ID No. 2, and d) the melting profile of
different concentrations of the 31 nt ethanolamine-binding aptamer beacon of SEQ ID
No. 1.
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Detailed Description of the Invention
The present inventors have identified and provide herein a simple method for the
detection and quantification of small target molecules based on the shift of the melting
temperature of recognition molecules, such as e.g. aptamer beacons. In case of
aptamer beacons, the presence of the target molecule leads to either stabilization or

destruction of the beacon structure leading to a shift in the melting temperature.

The method can be carried out using any gqPCR machine or other machine
capable of capturing a melting profile and yields fast results within minutes of analysis
time. In comparison to a common FRET experiment, it is simpler, faster and more
reproducible. Moreover, the use of the melting profile for the determination of the
presence and/or quantity of the target molecule shifts the focus on the melting

temperature rather than on a change in fluorescence signal alone.

This minimizes the potential influence of fluorescent background and fluctuations
in signal due to non-optimal folding of the recognition molecules such as aptamers or
structure switching related with uncontrolled temperatures as opposed to controlled
temperature curves inside a device such as a PCR machine. The present invention is
considered the first report on using melting temperature shift of recognition molecules

such as aptamer beacons to quantify small target molecules.

Applying a temperature gradient significantly accelerates the establishment of
partial equilibria, thus reducing assay times. Further, as signals (changes in melting
points of e.g. aptamer beacons) are detected along a temperature shift, signals are
obtained within any temperature of the gradient and do not require an exactly matching
temperature. Since the principle is based on changes of thermodynamics of the whole
system it can be much more sensitive than methods applying establishment of static

(e.g. strand-displacement based) equilibration.

In addition, a preferred embodiment of the method of the present invention using
e.g. a fluorophore-quencher structure in a beacon format is superior to a method

applying DNA-intercalating or double-strand DNA-binding dyes such as SYBR-green
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since thermodynamics in such a system is way too complex to provide clear and

separated melting-shift signals by optical readouts.

The inventors’ findings pave the way for establishing assays for small molecules in
combination with PCR machines or any similar device capable of capturing the melting
profile. In general, quantification is performed by measuring a standard curve recording
concentration-dependent optical signals across a suitable temperature range to identify
melting temperatures at given conditions; measure unknown concentrations of the
target by recording the melting temperature(s) alone, and processing the measured
melting temperature by an algorithm providing a best fit function for assigning melting

temperatures to target molecule concentrations.

An indirect format for target molecule determination is also provided. According to
a preferred embodiment of the present invention, this format has an unlabelled binding
aptamer and an aptamer beacon competing for the binding region. Through capturing
the melting temperature of such a probe, the target molecule could be determined and
quantified. Similarly, the method according to the present invention could also give

insights on the binding thermodynamics and mechanisms using different probes.

The method of the present invention also has great multiplexing potential. Since
aptamers for different targets are of different length, they are expected to have different
melting temperatures. In a common binding buffer, different aptamers could bind to their
targets at the same time and provide information about their differential melting

temperature shifts.

An onsite point of care diagnostic kit is provided making full use of the concept of
the method presented here. Based on the advances made in PCR on chip technology, a
simple miniaturization of the assay should be possible to achieve and could form the

core of said Kkit.

The challenges and bottlenecks faced by miniaturized PCR assays, e.g. the need
for non-metallic heating elements not to interfere with the enzymes for the PCR

reaction, would not apply here since the assay is based on profiling the melting
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temperature and no polymerase reaction is involved. The applications for such a kit
would include but not limited to clinical diagnostics, environmental testing,

contamination for food and water and testing for drugs of abuse.

The present invention provides a method of detection of at least one target
molecule comprising the steps of contacting a liquid sample with at least one
recognition molecule, wherein the at least one recognition molecule is able to
specifically bind to the at least one target molecule, wherein specific binding of the at
least one recognition molecule to the at least one target molecule induces a change in
the melting temperature of the recognition molecule, and determining the melting
temperature of the at least one recognition molecule after contacting with the liquid
sample, and comparing the melting temperature of the at least one recognition molecule
which has been determined in the step of determining the melting temperature with a
standardized curve to identify the presence of the at least one target molecule in the

liquid sample.

According to a preferred embodiment of the present invention, the melting
temperature is determined by monitoring the temperature melting curve of the sample to
be tested. Such monitoring may be done by any device capable of monitoring and
obtaining a temperature melting curve of a sample. Devices which are suitable for said
purpose are known to persons skilled in the art and may preferably be selected from
PCR machines, preferably from PCR machines capable of performing quantitative PCR
(qPCR).

In the present invention, a method of detection may preferably be a method of
detecting the presence of at least one target molecule in a sample, more preferably of
the presence of a target molecule in a concentration above a given cut-off concentration
in a sample. Such cut-off concentration depends on the target molecule, the available
corresponding recognition molecules and the cut-off concentration which is specific for
the distinct combination of target molecule and recognition molecule. Such cut-off
concentration can easily be determined by the skilled person by using routine

procedures.
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According to another preferred embodiment, a method of detection is a method of
quantitative detection or quantification of the concentration of the at least one target
molecule in the sample. Quantitative detection or quantification of the concentration
may preferably be used interchangeably herein. Quantitative detection of at least one
target molecule may preferably mean the determination of at least one target molecule
concentration in a sample, more preferably wherein said concentration is at least at or

above the cut-off concentration mentioned herein.

Preferably, the term “at least one target molecule” may mean one or more target
molecules, more preferably two or more, even more preferably three or more target
molecules, further preferably four or more target molecules, further preferably five or
more target molecules. According to a particularly preferred embodiment, this term may
mean one or two target molecules, more preferably one target molecule. Similarly
preferably, the term “at least one recognition molecule” may mean one or more
recognition molecules, more preferably two or more, even more preferably three or
more recognition molecules. According to a particularly preferred embodiment, this term

may mean one or two recognition molecules, more preferably one recognition molecule.

The potential for multiplexing the method of the present invention by providing
more than one target molecule and more than one recognition molecule is not
particularly limited as long as the recognition molecules used concomitantly have
different melting temperatures and/or melting temperature shifts upon binding to their
target molecule. According to a preferred embodiment, at least one recognition
molecule specifically binding to one target molecule is present in the sample. According
to another preferred embodiment, at least one recognition molecule specifically binding
to a target molecule is present in the sample for each target molecule present in the
sample, more preferably one recognition molecule specifically binding to a target
molecule is present in the sample for each target molecule present in the sample. Thus,
according to a preferred embodiment, the sample comprises one or more pairs of

recognition molecules specifically binding to target molecules.

Specific binding in the context of the present invention may preferably mean any

kind of interaction between the target molecule and the recognition molecule which is
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able to shift the melting temperature or induce a change in the melting temperature of

the recognition molecule.

Interestingly, the method of the present invention allows a limit of detection (LOD)
of a target molecule which is lower than the KD of the binding of the recognition
molecule to the target molecule. For more information on this phenomenon, reference is
made to the publication of Heilkenbrinker A. et al., Anal Chem. 2015 Jan 6;87(1):677-
85. doi: 10.1 021/ac503481 9. Epub 2014 Dec 10.

Determination of the melting temperature of the recognition molecule/s alone as
well as the melting temperature of the recognition molecule/s after contacting with a
sample potentially containing target molecule/s may preferably be determined by using
calorimetry. One preferred way of determining melting temperatures is described in the
publication “Determination of DNA and RNA Melting Point on UV-VIS Photometer
SPECORD ® PLUS” from Alexandra Kastner of analytikiena (Lit UV-01_1 1 e |02/201 1 |
AK).

One prerequisite for the method of the present invention is the availability of a
standardized melting temperature curve which correlates melting temperatures of a
sample with the concentration in a sample of the target molecule to which the
recognition molecule specifically binds. Preferably, such a standardized curve is
prepared prior to carrying out the method of the present invention. The preparation of
this standardized curve does not require undue experimentation and is well within the
skills of an expert in the art. Within the context of the present invention, a standardized

curve may be referred to as a calibration curve and vice versa.

Preferably, the melting temperature of the at least one recognition molecule is
determined by monitoring the temperature melting curve of the liquid sample which is
contacted with the recognition molecule, preferably wherein the liquid sample contains
the target molecule. More preferably, the change in the melting temperature is detected
by measuring a melting profile of the liquid sample, preferably by using a calorimetry
device, more preferably by using a device capable of performing quantitative PCR

(gPCR).
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According to a preferred embodiment of the method of the present invention, the
method is not based on detection of fluorescence and/or UV absorbance. According to
another preferred embodiment of the method of the present invention, the method does
not comprise measurements based on microscale thermophoresis, more preferably the
method does not comprise measurements of the mobility of molecules in temperature
gradients, even more preferably the method does not comprise measurements of the
mobility of molecules, particularly preferably the method is not based on
thermophoresis. An overview of this technology is published in Jerabek-Willemsen M et

al. Assay and Drug Development Technologies. 201 1;9(4):342-353.

According to another preferred embodiment of the present invention, a pair of
fluorophore and quencher are provided on one or more of the at least one recognition
molecules provided in the liquid sample and wherein the pair of fluorophore and
quencher provided on one or more of the at least one recognition molecule are brought
into spatial proximity upon binding to the target molecule, preferably wherein a pair of
fluorophore and quencher are provided on each of the at least one recognition
molecules, more preferably wherein different pairs of fluorophore and quencher are
provided on each of the at least one recognition molecules in cases where more than

one recognition molecule is used.

According to another preferred embodiment of the present invention, a pair of
Forster resonance energy transfer (FRET) donor and FRET acceptor molecules are
provided on one or more of the at least one recognition molecules provided in the liquid
sample and wherein the pair of FRET donor and FRET acceptor molecules provided on
one or more of the at least one recognition molecule are brought into spatial proximity
upon binding to the target molecule, preferably wherein a pair of FRET donor and FRET
acceptor molecules are provided on each of the at least one recognition molecules,
more preferably wherein different pairs of FRET donor and FRET acceptor molecules
are provided on each of the at least one recognition molecules in cases where more

than one recognition molecule is used.
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According to a preferred embodiment, the pairs of fluorophore and quencher or
FRET donor and FRET acceptor molecules as mentioned above may be replaced by
any pair of molecules which either generate a fluorescent signal when brought in close
proximity which is lost again when proximity is no longer given or, alternatively,
extinguish a fluorescent signal when brought in close proximity which is regenerated

when proximity is lost.

According to a preferred embodiment, the recognition molecule/s is selected from
the group comprising aptamers, spiegelmers, RNA, DNA, modified nucleic acids,
affimers, or the like, preferably wherein the recognition molecule(s) is/are (an)
aptamer(s), more preferably wherein the recognition molecule(s) is/are (an) aptamer

beacon(s).

Aptamers as recognition molecules which are able to bind to small target
molecules are well-known in the art. Preferred aptamers as recognition molecules can
be taken from Pfeiffer F and Mayer G (2016) Selection and Biosensor Application of
Aptamers for Small Molecules. Front. Chem. 4:25. doi: 10.3389/fchem. 201 6.00025,

more preferably from Table 1 of this publication.

Preferably, the at least one target molecule is selected from the group comprising
small molecules, pharmaceuticals, ions, proteins, peptides, receptors, pollutants, drugs,
cells or parts of cells, bacteria, viruses, or the like, more preferably wherein the at least
one target molecule does not consist of RNA or DNA. Also, target molecules suitable as
target molecules in the method of the present invention may preferably be taken from
the aforementioned publication of Pfeiffer F and Mayer G, more preferably from Table 1

thereof.

Flowever, in the present invention, the recognition molecules are not particularly
limited as long as they are able to specifically bind to a target molecule and wherein this
binding induces a change in the melting temperature of the recognition molecule. Also,
the target molecules are not specifically limited as long as they are able to specifically

bind to a recognition molecule and wherein this binding induces a change in the melting
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temperature of the recognition molecule. Preferably, the recognition molecule/s are

immobilized.

According to another preferred embodiment, at least one recognition molecule
used in the method of the present invention is in the form of an aptamer beacon, and at
least one different recognition molecule is not in the form of an aptamer beacon, and

wherein these recognition molecules can compete for binding to the target molecule.

Further preferably, the at least one recognition molecules in the form of an
aptamer beacon is labelled, preferably fluorescently labelled, more preferably by a pair
of fluorophore and quencher and/or by a pair of FRET donor and FRET acceptor
molecules, or any other fluorescent label which differs in the generation of a fluorescent

signal between close proximity and larger distance as explained above.

More preferably, the at least one recognition molecule in the form of an aptamer
beacon has a shorter sequence than the at least one different recognition molecule not

in the form of an aptamer beacon.

According to a preferred embodiment, the method of the present invention further
involves determination of temperature-dependent Circular Dichroism (CD) spectra and
comparison with standardized CD spectra and/or defined points of a standardized CD
curve. According to another preferred embodiment, the method of the present invention
further involves determination of UV absorbance and/or a fluorescent signal and

comparison with a standardized UV absorbance or fluorescence curve.

According to a more preferred embodiment, a calibration curve for the relation
between the CD spectra and/or the UV absorbance and/or the fluorescent signal and
concentration of the target molecule is prepared prior to carrying out the method of the
present invention. According to an even more preferred embodiment, step c) of the
method of the invention includes comparing the CD spectra and/or the UV absorbance
and/or the fluorescent signal determined in step b) with standardized CD spectra or a
standardized UV absorbance or fluorescence curve to identify the presence and/or the

concentration of the at least one target molecule in a sample.
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According to one preferred embodiment of the present invention, melting curves of
aptamer beacons provided with pairs of molecules either generating a fluorescent signal
when in proximity or quenching a pre-existing fluorescent signal when brought in
proximity may be generated in a PCR machine, more preferably in a PCR machine able

to perform gqPCR.

According to a particularly preferred embodiment, melting curves are generated in
a Roche LightCycler, more preferably in accordance with the determination of
fluorescence melting curves as described in Darby, AJ et al. (2002). High throughput
measurement of duplex, triplex and quadruplex melting curves using molecular beacons

and a LightCycler. Nucleic acids research. 30. €39. 10.1 093/nar/30.9.e39.

According to one aspect of the present invention, an aptamer having the sequence
of SEQ ID No. 1 is claimed. This aptamer has been found by the inventors to exhibit
improved folding and binding to ethanolamine in comparison to sequences disclosed in
the prior art. Thus, the present invention also provides the use of the aptamer having
the sequence of SEQ ID No. 1to bind to ethanolamine. According to another aspect of
the present invention, the use of the aptamer having the sequence of SEQ ID No. 1 in

the method of the present invention is provided.

According to another aspect of the present invention, the method of the present
invention is used for determination of thermodynamic properties of binding of a
recognition molecule to a target molecule. According to yet another aspect of the
present invention, the method of the present invention is used for the identification of
recognition molecules recognizing a known target. To this end, target molecules may be
provided in a sample and recognition molecules contacted therewith to cause a
potential shift in melting temperature curves of the recognition molecule/s. In case that a
shift is observed, this can be considered as an indication that the recognition molecule

recognizes the target molecule.

According to one aspect of the present invention, the use of calorimetry is

provided for the detection of a target molecule in a liquid sample by using a recognition
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molecule able to specifically bind to the target molecule, wherein the recognition
molecule bound to the target molecule has a different temperature melting curve in

comparison to the recognition molecule alone.

All embodiments of the present invention as described herein are deemed to be
combinable in any combination, unless the skilled person considers such a combination

to not make any technical sense.

Examples
Aptamer beacons (with 5’ Fluorescein and 3' DABCYL) were synthesized and
purified by Integrated DNA Technologies (Coralville, IA). Ampicillin, ethanolamine,
phenylethylamine and SYBR® Green | (10,000x in DMSO) were purchased from
Sigma-Aldrich (Darmstadt, Germany).

The following are the sequences of the aptamers used, all of which had 5’

Fluorescein and 3' DABCYL and with no labels for use with SYBR green.

31 nt Ethanolamine binding aptamer (SEQ ID No. 1):

ATTCAATTTGAGGCGGGTGGGTGGGTTGAAT
42 nt Ethanolamine binding aptamer (SEQ ID No. 2):

ATACCAGCTT ATTCAATTT GAGGCGGGTGGGTGGGTT GAATA
Ampicillin binding aptamer (SEQ ID No. 3):
CACGGCATGGTGGGCGTCGTG
Scrambled sequence used as ampicillin negative (SEQ ID No. 4):
ATTCAATTTCTCCCGTT GAAT
Scrambled sequence used as ethanolamine negative (SEQ ID No. 5):

CACGGCATGGTTCCATACTTAAGGGCGTCGTG

To account for signal variation and scattering of the data, the on-plate redundancy
was at least 4 identical wells per parameter. Additionally, each experiment was

repeated at least 4 times to assess both reproducibility and inter-assay variation.
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The concentration of the aptamer beacon was fixed at 0.5 uM in all experiments
except for the experiments with SYBR green (10x) and the corresponding melting

analysis using aptamer beacons at the same concentrations (0.5, 1, 2 and 4 uM).

The beacons were pipetted in a 96 wells PCR plate at a volume of 20 pL in
ampicillin binding buffer25 consisting of (20 mM Tris, 100 mM NaCl, 0.02% TWEEN®
20, and 100 mM MgCl, at pH 7.6) or ethanolamine binding buffer consisting of (20 mM
TRIS, 100 mM NaCl, 5 mM KCI, 2 mM MgCl,, 1 mM CaCl,, 0.02% Tween® 20 at pH
7.6).

The analyte concentration in case of ampicillin was varied from (0.5 to 32 pM) and
were added in a volume of 2 pL per well. In case of ethanolamine and

phenylethylamine, the analyte was varied from (5 to 100 nM).

The PCR machine (LightCycler ® 480, Roche) was set to heat first till 99 °C
followed by holding for 5 minutes to ensure the complete denaturing of any DNA base
pairings. Then, the fluorescence was measured from 95 °C to 20 °C with the SYBR
Green filter (465 nm excitation and 510 nm emission). As for the ampicillin, we found
that heating to 99 °C can possibly lead to its degradation. Therefore, the PCR was set

to heat only to 70 °C when detecting ampicillin.

Data analysis (plotting and fitting using one site binding equation) was performed
using GraphPad Prism version 7.00 for Windows, GraphPad Software, La Jolla

California USA, www.graphpad.com and JMP®, Version <13. 1>, First Derivative with 2nd

order smoothing (4 neighbors). SAS Institute Inc., Cary, NC, 1989-2007. The raw data
obtained from the PCR (Figures 4, 6, 8 and 10) was used to generate first derivative

graphs for each individual experiment (Figures 5,7,9 and 11).

These first derivatives were fitted using a Gaussian distribution with the following
equation Y=Amplitude*exp(-0.5*((X-Mean)/SD) *2. The resulting Tm (defined as the
Mean in the equation) was then plotted against the concentration (Fig. 1 and 2) to

produce the standardized curves/calibration curves.
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Example 1:
As proof of concept and feasibility of the approach presented herein, the ampicillin
aptamer beacon (AMP4) of SEQ ID No. 3 was chosen. The secondary structure was

predicted using mfold http://www.bioinfo.rpi.edu/applications/mfold to show a conserved

region in the loop and a base pairing in the stem which is thought to play an important
role in the binding (Song, K.-M., Jeong, E., Jeon, W., Cho, M. & Ban, C. Aptasensor for
ampicillin using gold nanoparticle based dual fluorescence-colorimetric methods.

Analytical and Bioanalytical Chemistry 402, 2153-2161 (201 2).).

Therefore, the presence of the target in the sample will lead to a destabilization of
the stem loop structure in case of the ampicillin-binding aptamer beacon decreasing the
energy needed to break the stem loop structure and hence decrease the melting

temperature.

PCR plates containing the aptamer solution at 0.5 uM concentration per well and a
volume of 20 pI_were prepared. Then, 2 pi_of ampicillin solution (0.5 pM to 32 pM)
were pipetted in the wells in such a manner that there are 12 replicates per plate. The

plates were then transferred to a lightcycler 480 for acquisition of the melting profile.

As shown in Figure 1, the presence of ampicillin decreased the melting
temperature in comparison to the negative control (only buffer with no ampicillin). The
method allowed the detection of concentrations as low as 1.5 + 0.38 pM with an
estimated kd value of 0.621 * 0.33 pM. The limit of detection was defined as (blank
mean value + s*spbiank). AS we expected the aptamer-ampicillin binding event leads to
destabilization  of the stem loop structure and thus to decrease in the energy needed to

melt the aptamer beacon.

In case of ampicillin, it is well documented that the compound is highly unstable in
high temperatures which leads to its hydrolysis (Mitchell, S.M., Ullman, J.L., Teel, A.L. &
Watts, R.J. pH and temperature effects on the hydrolysis of three B-lactam antibiotics:
ampicillin, cefalotin and cefoxitin. Sci Total Environ 466-467, 547-555 (2014).; Hou, J.P.
& Poole, J.W. Kinetics and Mechanism of Degradation of Ampicillin in Solution. Journal

of Pharmaceutical Sciences 58, 447-454 (1969).).
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The hydrolysis reaction follows a pseudo first-order kinetics with respect to the
initial concentration of ampicillin. This leads to the observed fast saturation within the
calibration curve. This is, therefore, not due to the saturation of the aptamer beacons
but rather due to the exponential degradation of the substrate. The counterproductive
effects of the ampicillin degradation, however, restrict the quantification using
thermofluorimetric analysis. Nevertheless, we could still detect amounts as low as 1.5

pM through setting the maximum temperature to 70°C.

Example 2:

As another example, ethanolamine-binding aptamers were used to further
demonstrate the generalizability of the approach and show the case of stabilizing the
folded beacon structure. it was previously shown that the ethanolamine aptamer G rich
consensus region adopts a G-quartet structure and that this sequence is responsible for

the binding.

Thus, we chose a 42 nucleotides sequence ethanolamine-binding aptamer (SEQ
ID No. 2; labelled as “normal aptamer” in Figure 2) which is a truncated version of the
original full-length 96 nucleotides aptamer (Mann, D., Reinemann, C., Stoltenburg, R. &
Strehlitz, B. In vitro selection of DNA aptamers binding ethanolamine. Biochemical and

biophysical research communications 338, 1928-1934 (2005).).

This aptamer was further modified by adding a fluorophore (fluorescein) on the 5'
end and a quencher (DABCYL) on the 3" end. The folding structure was predicted using
mfold and did not show a perfect stem loop folding. Therefore, we decided to modify the
sequence by truncating it further to 31 nucleotides (SEQ ID No. 1; labelled as “truncated
aptamer” in Figure 2) to improve the folding. Moreover, this allowed us to check the

effect of small modifications on the binding parameters.

Our results showed that even a modified structure was still capable of binding to
the target. Further, the structural conformation only needs to provide a proximity
between the fluorophore and the quencher to work and this may be provided by other

means than stem loop e.g. by short complementary strands.
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As seen in Figure 2, the addition of ethanolamine shifted the melting temperature
through stabilizing the folded beacon structure. The limit of detection (LOD= blank mean
value + 3*SDbiank) for the 42nt aptamer version was 2.2 £ 0.378 nM and the 31nt
truncated version was 1.5 £ 0.615 nM. The estimated Kd value was 26.6 + 4.4 nM and

28.8 £ 3.4 respectively.

We could show that even small modifications in the structure of the aptamer do not
affect the binding (provided that the binding sequence is still present). The approach
shows promising results that could be potentially transferred to other aptamers for small

molecules.

Example 3:
The response of the assay using the 42 nt ethanolamine-binding aptamer of SEQ

ID No. 2 to the structurally similar molecule phenylethylamine has further been studied.

It has previously been shown that phenylethylamine binds the full-length 96nt
aptamer (see above) by affinity elution test at about 50% of the ethanolamine binding
(Reinemann, C., Stoltenburg, R. & Strehlitz, B. Investigations on the Specificity of DNA
Aptamers Binding to Ethanolamine. Analytical chemistry 81, 3973-3978 (2009).).

Our results (Fig. 3), indicate, that using an increased concentration of 1 uM
phenylethylamine, the 42 nucleotides aptamer of SEQ ID No. 2 showed a significant
change in comparison to the control (Figure 3). Flowever, other aptamers with a
specificity towards phenylethylamine are likely to successfully detect and quantify much

lower concentrations of phenylethylamine.

Example 4:

In this example, SYBR green was tested as a candidate intercalating dye (Figure
12 a and b), however, the melting profile could not be captured for the aptamer
concentrations used (0.5, 1,2 and 4 uM and 10X SYBR green). The beacons, however,

showed well-defined melting peaks (Figure 12 c and d).
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Claims
1. Method of detection of at least one target molecule comprising:
a) Contacting a liquid sample with at least one recognition

molecule, wherein the at least one recognition molecule is able to
specifically bind to the at least one target molecule, wherein specific
binding of the at least one recognition molecule to the at least one target
molecule induces a change in the melting temperature of the recognition
molecule, and

b) Determining the melting temperature of the at least one
recognition molecule after contacting with the liquid sample, and

c) Comparing the melting temperature of the at least one
recognition molecule which has been determined in step b) with a
standardized calibration curve to identify the presence of the at least one

target molecule in the liquid sample.

2. Method of claim 1, wherein the melting temperature of the at least
one recognition molecule is determined by monitoring the temperature melting
curve of the liquid sample, more preferably wherein the detection of the at least
one target molecule is a quantitative detection or quantification of the

concentration of the at least one target molecule in the sample.

3. Method of claim 1 or 2, wherein the method for detection of at least
one target molecule is based on calorimetry, preferably wherein detection of

fluorescence and/or UV absorbance does not form part of the method.

4. Method of any of claims 1to 3, wherein the change in the melting
temperature of the at least one recognition molecule is detected by measuring a
melting profile of the liquid sample, preferably by using a calorimetry device,

more preferably by using a quantitative PCR (qPCR) machine.

5. Method of any of claims 1to 4, wherein the recognition molecule(s)

is/are selected from the group comprising aptamers, spiegelmers, RNA, DNA,
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modified nucleic acids, affimers, or the like, preferably wherein the recognition
molecule(s) is/are (an) aptamer(s), more preferably wherein the recognition
molecule(s) is/are (an) aptamer beacon(s), even more preferably wherein the

recognition molecule(s) is/are immobilized.

6. Method of any of claims 1to 5, wherein the at least one target
molecule is selected from the group comprising small molecules,
pharmaceuticals, ions, proteins, peptides, receptors, pollutants, drugs, cells or
parts of cells, bacteria, viruses, or the like, preferably wherein the at least one

target molecule does not consist of RNA or DNA.

7. Method of any of claims 1to 6, wherein a pair of fluorophore and
quencher are provided on one or more of the at least one recognition molecules
provided in the liquid sample and wherein the pair of fluorophore and quencher
provided on one or more of the at least one recognition molecule are brought into
spatial proximity upon binding to the target molecule, preferably wherein a pair of
fluorophore and quencher are provided on each of the at least one recognition
molecules, alternatively wherein a pair of Forster resonance energy transfer
(FRET) donor and FRET acceptor molecules are provided on one or more of the
at least one recognition molecules provided in the liquid sample and wherein the
pair of FRET donor and FRET acceptor molecules provided on one or more of
the at least one recognition molecule are brought into spatial proximity upon
binding to the target molecule, preferably wherein a pair of FRET donor and
FRET acceptor molecules are provided on each of the at least one recognition

molecules.

8. Method of any of claims 1to 7, wherein at least one recognition
molecule is in the form of an aptamer beacon, and wherein at least one different
recognition molecule is not in the form of an aptamer beacon, and wherein these
recognition molecules can compete for binding to the target molecule, preferably
wherein the at least one recognition molecules in the form of an aptamer beacon

is labelled, more preferably fluorescently labelled, even more preferably by a pair
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of fluorophore and quencher and/or by a pair of FRET donor and FRET acceptor

molecules, as defined in claim 7.

9. Method of claim 8, wherein the at least one recognition molecule in
the form of an aptamer beacon has a shorter sequence than the at least one

different recognition molecule not in the form of an aptamer beacon.

10. Method of any of claims 1to 9, wherein the method further involves
determination of temperature-dependent Circular Dichroism (CD) spectra and
comparison with standardized CD spectra and/or defined points of a
standardized CD curve, alternatively wherein the method further involves
determination of UV absorbance and/or a fluorescent signal and comparison with

a standardized UV absorbance or fluorescence curve.

11. Method of claim 10, wherein a calibration curve for the relation
between the CD spectra and/or the UV absorbance and/or the fluorescent signal
and concentration of the target molecule is prepared prior to step a), preferably
wherein step c) includes comparing the CD spectra and/or the UV absorbance
and/or the fluorescent signal determined in step b) with standardized CD spectra
or a standardized UV absorbance or fluorescence curve to identify the presence

of the at least one target molecule in a sample.

12. Aptamer having the sequence of SEQ ID No. 1.

13. Use of the aptamer of claim 12 in the method of any of claims 1to
11.

14. Use of the method of any of claims 1to 11 for determination of
thermodynamic properties of binding of a recognition molecule to a target

molecule.

15. Use of the method of any of claims 1to 11 for the identification of

recognition molecules recognizing a known target.
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16. Use of calorimetry for the detection of a target molecule in a liquid
sample by using a recognition molecule able to specifically bind to the target
molecule, wherein the recognition molecule bound to the target molecule has a
different temperature melting curve in comparison to the recognition molecule

alone.
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Description

[0001] The present invention relates to methods for the detection and/or quantification of an analyte of interest in a
fluid sample, comprising the use of analyte-specific RNA or DNA aptamers and displaceable oligonucleotides that bind
to the binding region of said aptamers. The present invention further relates to microfluidic devices that can be used in
said methods.

[0002] The detection and quantification of small molecule analytes in fluid samples remains a considerably challenging
task that requires bulky and complex instruments as well as well-trained personnel, e.g. in the case of mass spectrometry.
Their detection is hampered by the intrinsic properties of small molecule analytes, such as their small size and the
availability of only one epitope for binding. Thus, most immunoassays still do not provide fast results and lack the
sensitivity required for diagnostics. Moreover, the tedious steps included, e.g. washing, blocking and signal development,
hinders the transfer of these assays to Point-of-Care (POC) devices.

[0003] Oligonucleotide aptamers stand out as a promising alternative to antibodies and similar specific proteinaceous
binding molecules due to their stability, fast binding kinetics and reversibility of the binding. Aptamers are single stranded
DNA or RNA sequences selected in vitro for binding to a target analyte, e.g. through a process known as SELEX
(Systematic Evolution of Ligands by EXponential Enrichment). The fast binding kinetics and the easy functionalization
of aptamers enables the development of non-conventional POC devices.

[0004] Magnetic beads are micro- or nano-sized particles containing iron or iron oxide. Magnetic mono-sized particles
provide a large and uniform surface area for attaching functional molecules, such as antibodies, enzymes, DNA or
aptamers. This can be achieved through various covalent and non-covalent strategies. The uniqueness of magnetic
beads is the exceptionally fast separation of the same in fluid media using external magnetic forces. This allows for a
hybrid assay which is fast due to the easy and efficient mixing and allows including washing steps when needed. These
properties made magnetic beads suitable for use in various applications, such as cell preparation, immunoassays,
bioseparation and targeted drug delivery.

[0005] Lateral flow assays are a class of paper or fiber based POC assays. Lateral flow immunoassays (LFIA) are
simple, fast and can provide reliable results within a few minutes. Thus, lateral flow assays (LFA) or similar fluidic assays
provide a rapid and cost-effective means to detect targets in situ. However, producing these type of test strips requires
immobilization of antibodies or antigens on the surface of the test strips which can affect the conformation and stability
of the reagents. Further, the commonly used sandwich or competitive formats are unsuitable for the detection of small
molecules. This is due to the small size of the target molecules, hindering the efficient labeling for a competitive assay
and the unavailability of two different binding epitopes required for sandwich assays.

[0006] Recently, a LFA system for small molecules based on adsorption and desorption on gold nanoparticles has
been described. This assay made use of the fact that single stranded DNA adsorbs onto the surface of gold nanoparticles
and when the target analyte is introduced, this ssDNA binds to it and desorbs from the surface. However, this assay,
as well as other assay systems known in the art, is based on complex detection techniques and methodology.

[0007] Thus, there is a need to provide fast, easy, accurate and sensitive assay systems for the detection and quan-
tification of small molecule analytes. These systems should not require the immobilization of proteins or any of the assay
components, allow for easy detection by both visual and instrumental means, allow for regeneration of the assay com-
ponents, and provide means for the detection and quantification of multiple different target analytes.

[0008] Therefore, the technical problem underlying the present invention is the provision of respective methods and
devices for the detection and quantification of small molecule analytes.

[0009] The solution to the above technical problem is achieved by the embodiments characterized in the claims.
[0010] In particular, in a first aspect, the present invention relates to a method for the detection and/or quantification
of an analyte of interest in a fluid sample, comprising the steps of:

(a) providing a fluid sample in a reaction vessel, wherein said fluid sample is to be analyzed for the presence and/or
quantity of the analyte of interest;
(b) adding to said sample in said reaction vessel, either subsequently in any order, or concurrently,

(i) an RNA or DNA aptamer, and
(i) an oligonucleotide,

wherein

said RNA or DNA aptamer is coupled to a magnetic bead and said oligonucleotide is coupled to a detectable marker;
orsaid RNA or DNA aptamer is coupled to a detectable marker and said oligonucleotide is coupled to a magnetic bead,
said RNA or DNA aptamer comprises a binding region that is capable of binding the analyte of interest with a first
affinity, and

said oligonucleotide comprises a nucleotide sequence that is complementary to a nucleotide sequence of said RNA
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or DNA aptamer that forms at least a part of the aptamer’s binding region, wherein said nucleotide sequences bind
to each other via Watson-Crick pairing with a second affinity, wherein said second affinity is lower than said first affinity;
(c) subjecting the reaction vessel to a magnetic field, so that said magnetic bead-coupled RNA or DNA aptamers
or magnetic bead-coupled oligonucleotides are sequestered to an inner surface of the reaction vessel;

(d) detecting the presence or absence and/or determining the amount of the detectable marker in the sample
supernatant; and

(e) determining the presence or absence and/or the amount of the analyte of interest in the sample, wherein

the presence of detectable marker in the sample supernatant indicates that the RNA or DNA aptamer has bound
the analyte of interest, so that the oligonucleotide has been displaced by the analyte of interest from the RNA or
DNA aptamer or has been prevented from binding to the same, the magnetic bead-coupled RNA or DNA aptamer
or the magnetic bead-coupled oligonucleotide has been sequestered to an inner surface of the reaction vessel, and
the detectable maker-coupled oligonucleotide or the detectable maker-coupled RNA or DNA aptamer remains in
the sample supernatant, thus indicating the presence of the analyte of interest in the sample, and

the amount of detectable marker in the sample supernatant positively correlates with the amount of the analyte of
interest in the sample.

[0011] As used herein, the term "detection" with regard to the analyte of interest relates to the mere determination of
whether said analyte of interest is present or absent in the sample, whereas the term "quantification" with regard to said
analyte relates to the determination of the actual amount of analyte in the sample.

[0012] Theanalyte ofinterestto be detected and/or quantified with the methods ofthe presentinventionis not particularly
limited in any way, provided that it is an analyte for which an RNA or DNA aptamer binding specifically to it can be
generated. Considering the fact that such aptamers can be generated for a wide range of targets, including small
molecules, proteins, nucleic acids, and even cells, tissues and organisms, this does not constitute a significant restriction.
In preferred embodiments, the analyte of interest is a small molecule, e.g. a low molecular weight organic compound,
e.g. having a molecular weight of below about 900 Da. In further embodiments, the target analyte is a small molecule
analyte selected from the group consisting of drugs, metabolites, toxins, environmental pollutants, and food contaminants,
including target analytes of clinical and non-clinical relevance. In this context, the terms "analyte of interest", "target
analyte" or simply "target" are used synonymously herein.

[0013] The fluid sample to be used in the present invention is not particularly limited. Suitable samples can be diluted
or undiluted samples that are natively fluid, e.g. blood, blood serum, blood plasma, urine, cerebrospinal fluid, saliva,
semen, environmental samples such as water samples, and fluid comestibles. Further, suitable samples can also derive
from non-fluid samples that have been dissolved in a suitable solvent to bring them into a fluid state. Respective non-
fluid sample materials include e.g. fecal matter, environmental samples such as soil samples, and solid comestibles.
Suitable diluents and solvents are not particularly limited and are known in the art, wherein aqueous diluents and solvents,
in particular water, are preferred.

[0014] In step (a) of the methods of the present invention, a fluid sample that is to be analyzed for the presence and/or
quantity of the analyte of interest is provided in a reaction vessel. Suitable reaction vessels are not particularly limited,
and include e.g. standard micro reaction tubes ("Eppendorf" tubes), microtiter plates, and the like.

[0015] Inaspecificembodiment, the reaction vesselis a microfluidic device, preferably a microfluidic device comprising:

(i) a fluid inlet and a fluid outlet,

(ii) a sequestering zone between the inlet and the outlet that is to be subjected to the magnetic field in step (c),
(iii) a detection zone between the sequestering zone and the outlet, comprising an absorbing pad, wherein step (d)
is performed in said detection zone, and

(iv) microfluidic channels placing the inlet and the sequestering zone, the sequestering zone and the detection zone,
and the detection zone and the outlet in fluid communication.

[0016] In embodiments using a respective microfluidic device, fluid flow from the fluid inlet towards the fluid outlet can
be either controlled actively, e.g. by using respective pumps known in the art, or passively using capillary forces.
[0017] In preferred embodiments, the microfluidic device used in the methods of the presentinvention is the microfluidic
device according to the second aspect of the present invention as defined hereinafter.

[0018] In step (b) of the methods of the present invention, an RNA or DNA aptamer and an oligonucleotide are added
to the sample in the reaction vessel either subsequently, in any order, or concurrently, i.e., either the RNA or DNA
aptamer is added first, and then the oligonucleotide, the oligonucleotide is added first, and then the RNA or DNA aptamer,
or both the RNA or DNA aptamer and the oligonucleotide are added concurrently. In specific embodiments, the RNA or
DNA aptamer and the oligonucleotide are combined with each other, optionally incubated with each other for a brief
time, and then concurrently added to the sample in the reaction vessel.

[0019] According to the present invention, one of the RNA or DNA aptamer and the oligonucleotide is coupled to a
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magnetic bead, and the other is coupled to the detectable marker, i.e., said RNA or DNA aptamer is coupled to a magnetic
bead and said oligonucleotide is coupled to a detectable marker; or said RNA or DNA aptamer is coupled to a detectable
marker and said oligonucleotide is coupled to a magnetic bead. In preferred embodiments, the RNA or DNA aptamer is
coupled to a magnetic bead and the oligonucleotide is coupled to a detectable marker. Methods of coupling aptamers
and oligonucleotides to magnetic beads or detectable markers are not particularly limited and are known in the art.
Coupling includes direct coupling, i.e., forming a covalent or non-covalent (e.g. ionic, van der Waals or hydrogen) bond
between the coupling partners, or indirect coupling via the use of binding systems known in the art, e.g. the biotin-
streptavidin system. In specific embodiments, the RNA or DNA aptamers and oligonucleotides employed in the present
invention are biotinylated, e.g. in the 3’ position, and the magnetic beads and detectable markers are coated with
streptavidin, thus facilitating binding of the former to the latter.

[0020] Further, said RNA or DNA aptamer comprises a binding region that is capable of binding the analyte of interest
with a first affinity, and said oligonucleotide comprises a nucleotide sequence that is complementary to a nucleotide
sequence of said RNA or DNA aptamer that forms at least a part of the aptamer’s binding region, wherein said nucleotide
sequences bind to each other via Watson-Crick pairing with a second affinity, wherein said second affinity is lower than
said first affinity. In this context, it should be noted that binding affinities of RNA or DNA aptamers to their binding partner
are generally much larger than the Watson-Crick binding affinities of short oligonucleotide stretches to each other, so
that the latter prerequisite is generally easily fulfilled. Methods of generating RNA or DNA aptamers binding to a desired
analyte of interest are not particularly limited and are known in the art. They include the SELEX method known in the
art. Further, the generation of oligonucleotides that comprise a nucleotide sequence that is complementary to a nucleotide
sequence of said RNA or DNA aptamer that forms at least a part of the aptamer’s binding region is known in the art. In
preferred embodiments, the oligonucleotide is a DNA oligonucleotide.

[0021] Detectable markers that can be used in the methods of the present invention are not particularly limited and
are known in the art. They include e.g. fluorophores, colored particles such as e.g. dyed microbeads, quantum dots,
and chromogenic enzymes that catalyze a color reaction, such as e.g. horseradish peroxidase. In preferred embodiments,
the detectable marker is a marker advantageously allowing visual detection, e.g. by the naked eye, such as e.g. dyed
microbeads.

[0022] The oligonucleotide’s nucleotide sequence that is complementary to a nucleotide sequence of the RNA or DNA
aptamer that forms at least a part of the aptamer’s binding region has preferably a length of 5 to 15, more preferably 6
to 14, 7 to 13, 8 to 12, or 9 to 11 nucleotides, most preferably of about 10 nucleotides. In specific embodiments, the
oligonucleotide consists entirely of this nucleotide sequence, i.e., the oligonucleotide has a length of 5 to 15, more
preferably 6 to 14, 7 to 13, 8 to 12, or 9 to 11 nucleotides, most preferably of about 10 nucleotides. In this context, said
length can vary depending on the used aptamer and the affinity to the target. Further, said length can be easily optimized
to achieve the condition that the above second affinity is lower than the above first affinity. This can include by varying
the above length and/or including nucleotide mismatches Methods to determine the respective binding strengths are
known in the art and include e.g. the use of common DNA thermodynamics analysis in order to determine the affinity of
the complementary oligonucleotide to the aptamer and optimize it.

[0023] Further, the part of the DNA or RNA aptamer’s binding region to which the oligonucleotide is complementary
preferably has a length of 3 to 20, more preferably 3to 17,4 to 16,5t0 15,6 to 14,7 to 13, 8 to 12, or 9 to 11 nucleotides,
most preferably of about 10 nucleotides.

[0024] In step (c) of the methods of the present invention, the reaction vessel is subjected to a magnetic field, e.g. by
placing the reaction vessel in direct contact with a magnet or by placing the reaction vessel in the vicinity of a magnet,
so that the magnetic bead-coupled moiety, i.e. the magnetic bead-coupled RNA or DNA aptamers or the magnetic bead-
coupled oligonucleotides are sequestered to an inner surface of the reaction vessel.

[0025] Inthis manner,in case the analyte of interestis not presentin the sample, the entire complex of magnetic bead-
coupled moiety and detectable marker-coupled moiety, bound to each other via Watson-Crick pairing of the oligonucle-
otide to the RNA or DNA aptamer, is sequestered to the inner surface of the reaction vessel, so that no detectable marker
remains in the sample supernatant. However, in case the analyte of interest is presentin the sample, the analyte displaces
the oligonucleotide from the aptamer, or the analyte prevents the oligonucleotide from binding to the aptamer in the first
place, due to the higher binding affinity of analyte to aptamer as compared to the affinity of Watson-Crick pairing of
oligonucleotide to aptamer, so that the magnetic bead-coupled moiety, i.e., either magnetic bead-coupled aptamer with
bound analyte or magnetic bead-coupled oligonucleotide, is sequestered to the inner surface of the reaction vessel,
whereas the detectable marker-coupled moiety, i.e., the detectable marker-coupled oligonucleotide or the detectable
maker-coupled aptamer with bound analyte, remain in the sample supernatant and can be detected therein. In this
context, the term "sample supernatant" refers to the fluid material in the reaction vessel from which the magnetic bead-
coupled moieties have been removed by sequestering the same to an inner surface of the reaction vessel.

[0026] In step (d) of the methods of the present invention, the presence or absence of the detectable marker in the
sample supernatant is detected and/or the amount of the detectable marker in the sample supernatant is determined.
Means for detecting a given detectable marker are not particularly limited and are known in the art. They include any
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suitable visual or instrumental means. In specific embodiments, the detectable marker is a dyed microbead, advanta-
geously allowing visual detection of the marker in the sample supernatant, e.g. by the naked eye. In case the detectable
marker is achromogenic enzyme catalyzing a colorreaction, step (d) of the methods ofthe presentinvention encompasses
the addition of a suitable substrate, such as e.g. 3,3’,5,5’-tetramethylbenzidin or o-phenylenediamine dihydrochloride in
the case of horseradish peroxidase. Further, means for determining the amount of detectable marker in the sample
supernatant for a given marker are not particularly limited and are known in the art. They include e.g. photometric
(absorbance) measurements and the use of calibration curves using known amounts of analyte, the detection of light
emission of fluorophores as detectable marker, as well as other suitable instrumental means known in the art.

[0027] In step (e) of the methods of the present invention, the presence or absence of the analyte of interest and/or
the amount of the analyte of interest in the sample are determined, wherein the presence of detectable marker in the
sample supernatant indicates that the RNA or DNA aptamer has bound the analyte of interest, so that the oligonucleotide
has been displaced by the analyte of interest from the RNA or DNA aptamer or has been prevented from binding to the
same, the magnetic bead-coupled RNA or DNA aptamer or the magnetic bead-coupled oligonucleotide has been se-
questered to an inner surface of the reaction vessel, and the detectable maker-coupled oligonucleotide or the detectable
maker-coupled RNA or DNA aptamer remains in the sample supernatant, thus indicating the presence of the analyte of
interest in the sample. Further, the amount of detectable marker in the sample supernatant positively correlates with the
amount of the analyte of interest in the sample.

[0028] So far herein, the methods of the present invention have been described for the detection of one analyte of
interest, using one pair of RNA or DNA aptamer and oligonucleotide (oligonucleotide/aptamer pair). However, in specific
embodiments, the methods of the present invention can be used for the concurrent detection and/or quantification of
more than one analyte of interest in the fluid sample. In these embodiments, step (b) of the methods of the present
invention comprises the addition of one oligonucleotide/aptamer pair for each analyte of interest, wherein the detectable
markers of each oligonucleotide/aptamer pair can be distinguished from each other, step (d) of the methods of the
present invention comprises the detection of the presence or absence and/or the determination of the amount of each
detectable marker, and step (e) of the methods of the present invention comprises determining the presence or absence
and/or the amount of each analyte of interest in the sample.

[0029] Means for the detection and/or quantification of more than one detectable markers in the sample supernatant
are not particularly limited and are known in the art. They include e.g. photometric (absorbance) measurements at
different wavelengths, the detection of light emission of different fluorophores as detectable marker as well as any other
suitable instrumental means known in the art. Further, also visual detection of e.g. different dyed microbeads can be
used in this respect, provided that these differ in a further characteristic allowing separation of different dyed microbeads
from each other. This characteristic may be the size of the microbeads, allowing for embodiments including the separation
of different sized microbeads, e.g. in the devices of the present invention. Respective separation methods are not
particularly limited and are known in the art.

[0030] The methods of the present invention are preferably in vitro methods, i.e., they are not performed on the human
or animal body.

[0031] In a second aspect, the present invention relates to a microfluidic device, comprising

(i) a fluid inlet and a fluid outlet,

(ii) a sequestering zone between the inlet and the outlet that is to be subjected to the magnetic field in step (c),
(iii) a detection zone between the sequestering zone and the outlet, comprising an absorbing pad, wherein step (d)
is performed in said detection zone, and

(iv) microfluidic channels placing the inlet and the sequestering zone, the sequestering zone and the detection zone,
and the detection zone and the outlet in fluid communication.

[0032] The sequestering zone and the detection zone of the microfluidic device of the present invention are preferably
fluid reservoirs formed within the device. Further, materials for forming the absorbing pad in the detection zone are not
particularly limited and are known in the art. They include e.g. cellulose.

[0033] Fluid flow from the fluid inlet towards the fluid outlet can be either controlled actively, e.g. by using respective
pumps known in the art, or passively using capillary forces.

[0034] The term "about" as used herein refers to a modification of the specified amount of = 10%, preferably = 5, 3,
2, or 1%. By way of example, the term "about 900 Da" can refer to a molecular weight of 810 to 990 Da, and the term
"about 10" can refer to a range of 9 to 11.

[0035] The term "comprise(s)/comprising" as used herein is expressly intended to encompass the terms "con-
sist(s)/consisting essentially of" and "consist(s)/consisting of".

[0036] The presentinvention provides an assay system based on strand displacement and a combination of magnetic
and dyed microbeads. This system mimics a lateral flow system, however, there is no need to immobilize the reagents
on a test strip or cassette and the assay allows for a combination of different detectable markers for multiplexing. In
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contrast to most competitive assays known in the art, wherein the signal is inversely related to the concentration of the
target, in the methods of the present inveniton, the signal intensity in the sample supernatant is positively correlated
with the amount of target analyte.

[0037] The aim of the present invention was the development of a fast quantitive assay for small molecules such as
drugs, metabolites, toxins and environmental pollutants. This assay is also able to work with minimum equipment or
none equipment at all, and allows non-trained personnel and home users to use it through visual detection. Thus, it will
have a great potential for various applications, such as e.g. the detection and quantification of drugs of abuse or intox-
ication, environmental or food contaminants and clinical applications in a simple POC format.

[0038] The principle of the assay of the present invention is making use of strand displacement, where an aptamer
specific for a certain target analyte is used in combination with a complementary strand. This complementary strand
competes with the target and thus can be used for quantification.

[0039] The assay principle is shown in detail in Figure 1. The detection molecule here is a blue micro bead that allows
the quantification either visually or by measuring the absorbance. However, the assay is very flexible and can make use
of other detection molecules such as quantum dots. This allows for easy multiplexing. The assay of the present invention
can be used in connection with a microfluidic device (Figure 2) and combined with a POC detector for quantification.
The parameters of such device and its design are adapted and optimized in such a way that no user interference is
necessary.

[0040] Incomparisonto methods knowninthe art, the methods of the presentinvention do notrequire the immobilization
of proteins or any of the assay components on e.g. a test strip. Moreover, the detection can be both visual and instrumental
through measuring absorbance. The assay components can be regenerated, e.g. the sensor magnetic beads and the
fluidic device after washing. The principle of the present invention allows for multiplexing through changing the label to
e.g. quantum dots or similar or even using colored particles with different absorbance wavelength. The assay kinetics
and flow speeds can be adapted through active fluidic control (pump) allowing faster results.

[0041] The figures show:

Figure 1:

Schematicillustration of one embodiment of the assay of the presentinvention. (A) represents the reaction inabsence
of the target molecules. The complementarity between the aptamer and the complementary strand leads to a clear
solution when the beads are magnetically separated. (B) Upon addition of the target analyte, the complementary
strand is displaced from the aptamer or is prevented from binding to the aptamer in the first place, leading to a
concentration-dependent increase in the blue color of the solution.

Figure 2:

Schematic representation of the microfluidic device of the present invention. (A) represents the assay in presence
of target analyte, the brown rectangle represents a permanent magnet to be placed below the device where the
other rectangle is a cellulose or similar absorbing pad to be placed within the device. (B) represents the negative
assay in absence of the target analyte. The flow could be either controlled actively (pumps) or passively using
capillarity or similar means.

Figure 3:

The figure shows a control experiment to exclude non-specific adsorption. The right Eppendorftube shows a negative
control where the beads were functionalized by non-complementary oligonucleotides whereas the left one had an
ethanolamine aptamer and its corresponding complementary strand. As seen in the right Eppendorf tube, the beads
did not attach to each other and the solution remained blue. On the other hand, the complementarity between the
aptamer and the short strand lead to the attachment of the beads together and the solution is clear.

Figure 4:

The assay of the present invention performed in Eppendorf tubes, wherein the right tube is the negative control (no
target), the middle is 10 nM of ethanolamine (610 picograms/ml), and the left is 100 nM (6 ng/ml). The color intensity
between the negative and positive assays could be clearly distinguished by the naked eye.

Figure 5:

Calibration curve for the absorbance of blue beads measured at a wavelength of 600 nm. The absorbance is plotted
against the concentration and the line represents the best fitting line (r2 =0.99). The error bars represent the standard
deviation, n=3.

[0042] The present invention will be further illustrated by the following example without being limited thereto.
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Example
Material

[0043] Aptamers and oligonucleotides were purchased from Integrated DNA Technology (Coralville, IA).

Name Ethanolamine aptamer

Sequence ATTCAATTTGAGGCGGGTGGGTGGGTTGAAT/3Bio/ (SEQ ID NO: 1)
5’ Modification none

3’ Modification Biotin

Supplier Integrated DNA Technology (Coralville, |1A)

Concentration 100 pM

Molecular weight | 101 kDa

Name Et 10_3 (complementary strand)
Sequence CCACCCACCC/3Bio/ (SEQ ID NO: 2)

5’ Modification none

3’ Modification Biotin

Supplier Integrated DNA Technology (Coralville, IA)
Concentration 100 pM

Molecular weight 33 kDa

[0044] The microparticles were supplied by Bangs Labs Inc., Indiana, USA as follows:

Name Streptavidin Coated Magnetic Classical

Mean diameter 0.36 pm

Binding capacity | 1.24 uM biotin/mg microspheres

Concentration 10 mg/ml

Name Streptavidin Coated Microspheres (Cabo Blue)

Mean diameter 0.192 pm

Binding capacity | 2.55 uM biotin/mg microspheres

Concentration 10 mg/ml

[0045] All other chemicals used herein were purchased from standard suppliers and used without further purification.
[0046] The functionalization of the beads was done according to the manufacturer’s instructions.

Example:

[0047] First, streptavidin-coated beads were reacted with the corresponding biotinylated oligonucleotide, wherein the
magnetic beads were functionalized with the ethanolamine aptamer and the blue beads with the complementary strand.
[0048] The aptamer was selected and optimized as known in the art. The respective aptamer is well characterized
and is specific for ethanolamine which is a very small organic molecule (Mw = 61.08 g/mol) and represent one of the
smallest aptamer targets so far which makes it a very suitable model to prove the feasibility of the concept underlying
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the present invention.

[0049] To prove the success of the reaction and to exclude any non-specific adsorption, a negative control with the
same exact beads and handling procedures was made. However, the beads were functionalized with non-complementary
sequences and therefore should lack the ability to bind each other.

[0050] As shown in Figure 3, the beads were successfully functionalized and the non-specific adsorption was minimal.
The results also revealed that the volume should be decreased in order to increase the color intensity.

[0051] Therefore, in order to develop the sensor, the functionalized magnetic beads and blue beads were allowed first
to react together. Then, the supernatant was discarded to leave a magnetic beads-blue beads sensor. Then this was
reacted with the target (50 pL) at 100 nM and 10 nM of ethanolamine.

[0052] As shown in Figure 4, the 10 nM concentration lead to a visual color change in comparison to the control. With
this setup, 10 nM of ethanolamine which corresponds to a concentration of 610 picograms/ml could be detected.
[0053] Further, an absorption calibration curve for the blue beads was established (Figure 5). This means that the
reaction could also be quantified through the use of a conventional absorbance detector.
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SEQUENCE LISTING
<110> Hochschule Furtwangen

<128> Method for the Detection and Quantification of Small Molecules
and Fluidic Platform for Performing the Same

<138> F 2335EU
<166> 2
<178> PatentIn version 3.5

<210> 1

<211> 31

<212> DNA

<213> Artificial sequence

<220>
<223> DNA aptamer

220>

<221> misc_feature
€222> (31)..(31)
<223> 3' biotinylated

<480> 1
attcaatttg aggecgggtge gtgggttgaa t

<21@> 2

<211> 16

<212> DNA

<213> Artificial sequence

<220>
<223> complementary sequence

<220>

<221> misc_feature
<222> (18)..(18)
<223> 3' biotinylated

<466> 2
ccacccaccc

Seite 1
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SEQUENCE LISTING

<110> Hochschule Furtwangen
<120> Method for the Detection and Quantification of Small Molecules
and Fluidic Platform for Performing the Same

<130> F 2335EU

<160> 2

<170> PatentIn version 3.5

<210> 1

<211> 31

<212> DNA

<213> Artificial sequence

<220>

<223> DNA aptamer

<220>

<221> misc_feature

<222> (31)..(31)

<223> 3’ biotinylated

<400> 1

attcaatttg aggcgggtgg gtgggttgaa t 31

<210> 2

<211> 10

<212> DNA

<213> Artificial sequence

<220>

<223> complementary sequence

<220>

<221> misc_feature

<222> (10)..(10)

<223> 3’ biotinylated

<400> 2

ccacccaccec 10
Claims

1. A method for the detection and/or quantification of an analyte of interest in a fluid sample, comprising the steps of:

(a) providing a fluid sample in a reaction vessel, wherein said fluid sample is to be analyzed for the presence
and/or quantity of the analyte of interest;
(b) adding to said sample in said reaction vessel, either subsequently in any order, or concurrently,

(i) an RNA or DNA aptamer, and
(i) an oligonucleotide,
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wherein

said RNA or DNA aptamer is coupled to a magnetic bead and said oligonucleotide is coupled to a detectable
marker; or said RNA or DNA aptamer is coupled to a detectable marker and said oligonucleotide is coupled to
a magnetic bead,

said RNA or DNA aptamer comprises a binding region that is capable of binding the analyte of interest with a
first affinity, and

said oligonucleotide comprises a nucleotide sequence that is complementary to a nucleotide sequence of said
RNA or DNA aptamer that forms at least a part of the aptamer’s binding region, wherein said nucleotide se-
quences bind to each other via Watson-Crick pairing with a second affinity,

wherein said second affinity is lower than said first affinity;

(c) subjecting the reaction vessel to a magneticfield, so that said magnetic bead-coupled RNA or DNA aptamers
or magnetic bead-coupled oligonucleotides are sequestered to an inner surface of the reaction vessel;

(d) detecting the presence or absence and/or determining the amount of the detectable marker in the sample
supernatant; and

(e) determining the presence or absence and/or the amount of the analyte of interest in the sample, wherein
the presence of detectable marker in the sample supernatantindicates thatthe RNA or DNA aptamer has bound
the analyte of interest, so that the oligonucleotide has been displaced by the analyte of interest from the RNA
or DNA aptamer or has been prevented from binding to the same, the magnetic bead-coupled RNA or DNA
aptamer or the magnetic bead-coupled oligonucleotide has been sequestered to an inner surface of the reaction
vessel, and the detectable maker-coupled oligonucleotide or the detectable maker-coupled RNA or DNA aptamer
remains in the sample supernatant, thus indicating the presence of the analyte of interest in the sample, and
the amount of detectable marker in the sample supernatant positively correlates with the amount of the analyte
of interest in the sample.

The method of claim 1, wherein the analyte of interest is a small molecule analyte.

The method of claim 2, wherein the small molecule analyte is selected from the group consisting of drugs, metabolites,
toxins, environmental pollutants, and food contaminants.

The method of any one of claims 1 to 3, wherein the fluid sample is selected from the group consisting of diluted or
undiluted samples, selected from the group consisting of blood, blood serum, blood plasma, urine, cerebrospinal
fluid, saliva, semen, environmental samples, and fluid comestibles, and dissolved non-fluid sample materials, se-
lected from the group consisting of fecal matter, environmental samples, and solid comestibles.

The method of any one of claims 1 to 4, wherein the oligonucleotide is a DNA oligonucleotide.

The method of any one of claims 1 to 5, wherein the detectable marker is selected from the group consisting of
fluorophores, colored particles, dyed microbeads, quantum dots, chromogenic enzymes, and quantum dots.

The method of any one of claims 1 to 6, wherein the oligonucleotide’s nucleotide sequence that is complementary
to a nucleotide sequence of said RNA or DNA aptamer that forms at least a part of the aptamer’s binding region
has a length of 5 to 15 nucleotides.

The method of any one of claims 1 to 7, wherein the part of the DNA or RNA aptamer’s binding region to which the
oligonucleoctide is complementary has a length of 3 to 20 nucleotides.

The method of any one of claims 1 to 8, wherein the reaction vessel is a microfluidic device, said device comprising:

(i) a fluid inlet and a fluid outlet,

(ii) a sequestering zone between the inlet and the outlet that is to be subjected to the magnetic field in step (c),
(iii) a detection zone between the sequestering zone and the outlet, comprising an absorbing pad, wherein step
(d) is performed in said detection zone, and

(iv) microfluidic channels placing the inlet and the sequestering zone, the sequestering zone and the detection
zone, and the detection zone and the outlet in fluid communication.

10. The method of any one of claims 1 to 9, wherein more than one analyte of interest is detected and/or quantified in

the fluid sample, wherein
step (b) comprises the addition of one oligonucleotide/aptamer pair for each analyte of interest, wherein the detectable
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markers of each oligonucleotide/aptamer pair can be distinguished from each other,

step (d) comprises the detection of the presence or absence and/or the determination ofthe amount of each detectable
marker, and

step (e) comprises determining the presence or absence and/or the amount of each analyte of interest in the sample.

11. The method of any one of claims 1 to 10, wherein said RNA or DNA aptamer is coupled to a magnetic bead and
said oligonucleotide is coupled to a detectable marker.

12. A microfluidic device, comprising

(i) a fluid inlet and a fluid outlet,

(ii) a sequestering zone between the inlet and the outlet that is to be subjected to the magnetic field in step (c),
(iii) a detection zone between the sequestering zone and the outlet, comprising an absorbing pad, wherein step
(d) is performed in said detection zone, and

(iv) microfluidic channels placing the inlet and the sequestering zone, the sequestering zone and the detection
zone, and the detection zone and the outlet in fluid communication.
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Figure 2
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Figure 4
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Abbreviations

3-D
DNA
EA
ELISA
IL-6
LC
LF(DA
LOD
MEA
MRE
MS
NMR
nt
PDB
PDB
PE
POC
QD
RNA
SELEX
STAT-3
TBA
Uv
kDa
qPCR

Three dimensional

Deoxyribonucleic acid

Ethanolamine

Enzyme-linked immunosorbent assay
Interleukin-6

Liquid chromatography

Lateral flow (immuno)assay

Limit of detection

Mono ethanolamine

Molecular recognition element

Mass spectrometry

Nuclear magnetic resonance
Nucleotide

Protein Data Bank

Protein data bank
Phosphatidylethanolamine
Point-of-care

Quantum dot

Ribonucleic acid

Systematic evolution of ligands by exponential enrichment
Signal transducer and activator of transcription 3
Thrombin binding aptamer
Ultraviolet

Kilo Dalton

quantitative polymerase chain reaction
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