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ABSTRACT

Bioaffinity assays are commonly used for specific detection of biomarkers in
biological samples. Reducing the lowest detectable concentration, i.e. the analytical
sensitivity of such assays, is beneficial for several reasons: it allows for earlier
diagnostics of various diseases, enables introduction of new biomarkers and
decreases the sample volume required for the analysis. Upconverting nanoparticles
(UCNPs) have attracted wide interest as labels in sensitive bioaffinity assays due to
their unique optical properties that enable the detection of trace amounts of UCNPs
with relatively simple instrumentation. However, the background signal originating
from the nonspecific binding of UCNP conjugates has hindered reaching
ultrasensitivity that is required for detecting extremely low-abundance biomarkers.

The aim of this research was to improve the analytical sensitivity that can be
achieved by upconversion-based bioaffinity assays, particularly by reducing the
nonspecific binding of UCNP conjugates. The study included both, immunoassays
and oligonucleotide hybridization assays. The plasma matrix related nonspecific
binding of UCNP conjugates in immunoassays was studied by isolating the fractions
of human plasma associated with elevated nonspecific binding and identifying the
contents of the fractions by mass spectrometry. In hybridization assays, the probe
hybridization stability with a short target sequence was enhanced by exploiting base
stacking interactions using hairpin-structured DNA probes. Additionally, a novel
hybridization complex transfer technique was developed to eliminate the nonspecific
binding of UCNP conjugates on the detection surface.

A major part of plasma-related nonspecific binding in immunoassays was
associated with complement component C1q. The background signal was strongly
reduced by increasing the salt concentration in the assay buffer or by adding heparin
as a polyanionic blocker. In hybridization assays, the hairpin-structured probes
improved the analytical sensitivity by a factor of 18 compared to the corresponding
linear probes. Moreover, the complex transfer procedure eliminated the backgroud
signal from the nonspecifically bound UCNP conjugates, making the detection
instrument the main sensitivity-limiting factor. The hybridization assays reached
femto-attomolar detection limits for DNA analogue of miR-20a, making them
promising tools for micro-RNA based diagnostics.

KEYWORDS: bioaffinity assays, nonspecific binding, upconverting nanoparticles
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TIVISTELMA

Bioaffiniteettiméadrityksid kdytetdén yleisesti biomerkkiaineiden spesifiseen havait-
semiseen biologisista niytteistd. Matalimman maéérityksilld mitattavissa olevan
pitoisuuden eli analyyttisen herkkyyden alentaminen on hyodyllistd monesta syysta:
se mahdollistaa sairauksien diagnosoinnin varhaisemmassa vaiheessa, uusien
biomerkkiaineiden kayttdonoton ja pienempien ndytetilavuuksien kdyton. Kaanteis-
viritteiset nanopartikkelit (engl. upconverting nanoparticles, UCNP) ovat herattaneet
kiinnostusta téllaisten mééritysten leimoina, koska niiden optiset ominaisuudet
mahdollistavat &drimmaéisen alhaisten leimaméérien havaitsemisen verrattain
yksinkertaisella laitteistolla. UCNP:iden epidspesifisestd sitoutumisesta johtuva
taustasignaali on kuitenkin estényt ultraherkkien maaritysten kehittdmisen.

Tutkimuksen tavoitteena oli parantaa UCNP:itd hyddyntavilld bioaffiniteetti-
madrityksillda saavutettavaa analyyttistd herkkyyttd erityisesti poistamalla
UCNP:iden epéspesifisestd sitoutumisesta johtuvaa taustasignaalia. Tutkimukseen
sisdltyi sekd immuno- ettd hybridisaatiomadrityksid. Plasmandytteisiin liittyvaa
epaspesifistd sitoutumista immunomaérityksissd tutkittiin eristdmalld ihmisen
plasmasta fraktiot, jotka tuottivat korkeaa taustasignaalia ja tunnistamalla niiden
sisdltd massaspektrometrilli. Hybridisaatiomaérityksissd koettimien sitoutumista
lyhyen kohdesekvenssin kanssa vahvistettiin eméspinoutumisesta johtuvalla vuoro-
vaikutuksella, joka saatiin aikaan hiuspinnirakenteisilla DNA-koettimilla. Liséksi
kehitettiin hybridisaatiokompleksin siirtoon perustuva tekniikka epdspesifisestd
sitoutumisesta johtuvan taustasignaalin poistamiseksi.

Valtaosa plasmaan liittyvésti taustasignaalista yhdistettiin komplementtiprote-
iini Clq:hun. Taustasignaali viheni selvésti, kun méarityspuskuriin liséttiin suolaa
tai hepariinia. Hybridisaatioméaérityksissi hiuspinnirakenteiset koettimet paransivat
analyyttistd herkkyyttd 18-kertaiseksi verrattuna lineaarisiin koettimiin. Liséksi
kompleksinsiirtomenetelmalld onnistuttiin poistamaan epéspesifisestd sitoutumi-
sesta johtuva taustasignaali, jolloin mittalaitteesta tuli péddasiallinen analyyttistd
herkkyyttd rajoittava tekiji. Maérityksilld saavutettiin femto-attomolaarisia
herkkyyksilld miR-20a:ta vastaavalle DNA-sekvenssille, miké tekee niistd lupaavia
tyokaluja mikro-RNA-pohjaiseen diagnostiikkaan.

ASIASANAT: bioaffiniteettimaaritykset, epaspesifinen sitoutuminen, kéédnteisvirit-
teiset nanopartikkelit
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1 Introduction

Bioaffinity assays are widely used in a variety of applications, including clinical and
food diagnostics, environmental applications and forensics testing, to indicate the
presence or absence or to determine the concentration of the analyte of interest in a
sample. They are based on specific recognition of the target analyte by biomolecular
affinity binders and a signal generation element, such as optical label, that transforms
the binding event into a measurable signal. The basic principles of bioaffinity assays
are relatively simple, making them suitable to a wide range of applications, from
centralized laboratories to point-of-care settings.

Among bioaffinity assays, immunoassays relying on specific binding between
antibodies and antigens are most widely used especially for the detection of proteins,
peptides, bacteria, viruses and small molecules, such as steroids. Specific nucleic
acid strands, on the other hand, can be detected using hybridization assays based on
base pairing of complementary nucleic acid sequences. Even though nucleic acid
targets are commonly detected by methods that are based on enzymatic amplification
of the target sequence, such as quantitative polymerase chain reaction (QPCR), direct
amplification-free hybridization assays are favorable, especially outside central
laboratories or if more precise quantification is required.

Since the introduction of first immunoassays in 1959, the assay development
has generally aimed to improve the analytical sensitivity of the methods, i.e. their
ability to detect minute concentrations of the target analyte.”) Over the years,
significant improvements have been made especially due to the advances in label
technologies and the introduction of digital assay technologies, which are based on
counting of single label molecules.*” Nevertheless, further improvement in the
analytical sensitivity of bioaffinity assays is still needed, as the ability to detect trace
concentrations of disease biomarkers often enables earlier diagnostics and thus more
timely start of the treatment.’®) Furthermore, ultrasensitive detection technologies
enable the introduction of completely new biomarkers as well as use of lower sample
volumes and less invasive sample materials, such as urine, sweat and saliva, that
typically contain circulating biomarkers at much lower concentrations than blood.?-
101 Other important features in assay development include simplicity, affordability
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and fast turnaround time as well as suitability for multiplexing and point-of-care
testing 1131

Photon upconverting nanoparticles (UCNP) are excellent labels for bioaffinity
assays because their anti-Stokes shifted luminescence can be detected without
autofluorescence background.!'*!5] Biological samples and other assay materials
generate autofluorescence that occurs at longer wavelengths (i.e. lower energy) than
the excitation light.['! In upconversion process, the energy from multiple low-energy
near-infrared excitation photons is stacked and subsequently released as a single
photon at higher energy.!'” As a result, the emission occurs at shorter wavelengths
than the excitation, and there is no autofluorescence background at the visible
wavelengths, dramatically improving the contrast between the signal of the label and
the background signal from other materials and thus enabling ultrasensitive detection
of UCNPs.l'""1 By conjugating UCNPs to bioaffinity binders, the biological
recognition of the analyte of interest can be connected to the luminescence signal.

Even though the autofluorescence background can be avoided by using UCNP
labels, background signal still arises from nonspecifically bound UCNP labels. Due
to the extremely high detectability of UCNPs, even minimal nonspecific binding
results in detectable background signal, which has been the main factor limiting the
sensitivity of upconversion-based bioaffinity assays.'®2°26l Nonspecific binding can
be reduced by surface modifications and optimization of assay conditions,!? 23271
but it has been impossible to fully eliminate.

12



2 Literature Review

2.1 Bioaffinity assay principles

Bioaffinity assay principles are commonly classified into homogeneous and
heterogeneous, as well as competitive and noncompetitive assays (Figure 1). Each
assay principle has its benefits and limitations.

In homogeneous assays, the binding of the target analyte results in a measurable
change in signal of the label without physical separation of bound and unbound
reagents.l”®! Such technologies include, for example, Forster resonance energy
transfer (FRET)?°  fluorescence cross-correlation® and  fluorescence
polarization.’!! These assays are simple to perform, as only mixing of the assay
components is needed, followed by the signal readout after a typically short
incubation time. However, homogeneous assays suffer from limited sensitivity and
they are more prone to interferences caused by the sample matrix than heterogeneous
assays.*®!

The first immunoassays were carried out in solution, and the separation of bound
and unbound reagents was based on immunoprecipitation or paper chromato-
electrophoresis.l'! The introduction of heterogeneous immunoassays in 196772
enabled easier separation by using a solid phase. In heterogeneous assays, analyte-
specific binders are immobilized on the surface of a solid phase, extracting target
molecules from the sample during an incubation.?®! The separation of surface-bound
and unbound reagents is usually done by aspirating the reaction solution from the
surface and subsequent washing of the solid phase surface.!*®! In one-step assays, the
sample and the labeling reagent are added in a single step and incubated together,
whereas in two-step assays, they are incubated in separate steps with a washing step
in between, which diminishes the possible interferences caused by the sample
material and may improve the separation of specifically and nonspecifically bound
molecules.**34 Immobilizing the binders onto the solid-phase surface can limit the
binding kinetics due to diffusion constraints, potentially leading to longer incubation
times compared to homogeneous assays.*>% The binding kinetics of heterogeneous
assays is therefore highly dependent on the choice of solid phase. The most
commonly used solid phases are discussed in detail in section 2.4.

13
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Both, homogeneous and heterogeneous assays can be implemented either in
competitive or non-competitive format. Competitive assays utilize labeled analyte
analogs for detection. The analyte in the sample and the labeled analog compete for
a limited number of binding sites: the higher the analyte concentration in the sample,
the lower fraction of binding sites is available for the binding of the labeled analyte
analogs. Competitive assays essentially measure the fraction of binding sites
unoccupied by the analyte. This results in decreasing signal with increasing analyte
concentration.*” The recognition by only one binder is required, and therefore, the
competitive assay principle is mainly used for measuring concentrations of
molecules that are too small for simultaneous recognition by two binders. 2% 37]

Non-competitive assays, first introduced by Addison and Hales in 1971,
employ two binders that recognize different binding sites of the analyte. The
technology development was strongly linked to the development of hybridoma
technology for monoclonal antibody production, enabling production of unlimited
quantities of antibodies directed against a specific epitope in the analyte.*’- 3% In
heterogeneous format, one of the binders is used for capturing the analyte to the
solid-phase surface, and the other one is coupled with signal generation element and
used for detection. In the presence of the analyte, a sandwich-like complex is formed,
and hence, these assays are often referred to as sandwich-type or two-site assays.
The signal is generated as a result of the analyte bridging the two binders together,
resulting in increasing signal intensity with the increasing analyte concentration.
This is the fundamental reason for why non-competitive assays can potentially detect
much lower concentrations than competitive assays: it is generally easier to measure
small differences in low signals than small differences in high signals.[***!! Another
benefit of the non-competitive assay format arises from the use of two target-specific
binders for analyte recognition, improving the specificity of the assays. On the other
hand, finding two binders that can simultaneously bind to the analyte may not be
possible in case of small analyte molecules.!*®

Due to their superior analytical performance, this thesis mostly focuses on
heterogeneous non-competitive bioaffinity assay technologies. Even though the
literature mostly covers immunoassays, the same principles apply to hybridization
assays and other bioaffinity assays, as well.

14
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Figure 1. Schemes of bioaffinity assay principles and their characteristic dose response curves.
The principles are illustrated as immunoassays utilizing antibodies as binders, but
similar principles can be exploited using other types of binders.
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2.2 Analytical sensitivity

Analytical sensitivity is an important characteristic of analytical methods and refers
to the lowest analyte concentration that can be measured reliably.™? It is generally
evaluated by measuring the limit of detection (LoD), which is the lowest analyte
concentration that can be reliably distinguished from blank samples. LoD is
dependent on the signal response generated by the analyte binding as well as the
variation of the background signal produced in the absence of the analyte.”) The
variation consists of the experimental error, variation in nonspecific binding of the
label, and counting error of the detector.*>*¥ There are several ways to determine
the LoD. One common way is by determining the analyte concentration generating
a signal response that corresponds to 3 x standard deviation of the zero calibrator,
which assures a confidence level of >95%. Clinical and Laboratory Standards
Institute (CLSI) guideline EP17 takes into account the variation in both, blank and
low concentration samples, by determining the LoD as a concentration
corresponding to signal response equivalent to 1.645 x standard deviation of blank
samples + 1.645 x standard deviation of low concentration sample.*”] The
International Union of Pure and Applied Chemistry (IUPAC) defines the sensitivity
as the “slope of the calibration curve”,*®! which does not take into account the
variation in the measurement of blank samples, but rather describes the ability of the
assay to discriminate small concentration differences.

It is important to understand that analyte concentration above the LoD does not
guarantee precise quantification, as the definitions only ensure confidence that the
sample contains analyte. Measurements of concentrations close to LoD may have
very high uncertainty, making the quantification imprecise.**! Another measure of
analytical sensitivity is limit of quantification (LoQ), which is defined as the lowest
analyte concentration that can be reliably detected with a certain precision, often
with a coefficient of variation of 10% or 20%.""! This is also called functional
sensitivity.?®]

The analytical sensitivity of an assay is highly dependent on the assay
components, including affinity binders, reporter technology, and in case of
heterogeneous assays, the separation efficiency of the bound and unbound reagents.
The role of each component in determining the assay sensitivity as well as other
performance characteristics is described in sections 2.3-2.5. Additionally, numerous
methods have been developed aiming to further improve the analytical sensitivity
from what can be achieved with conventional assay principles, and those are
discussed in section 2.6.

An assay employing binders with infinite affinity, labels with infinite specific
activity and complete elimination of nonspecific binding could in theory detect a
single analyte molecule. However, precise quantification is limited by the number of
analyte molecules in the sample and Poisson statistics.*8 Woolley et al.
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demonstrated that the theoretical minimum for LoQ with 10% precision is 131
molecules,*¥ corresponding to approximately 2.2 aM concentration in 100 pL
sample volume.

2.3 Affinity binders

This chapter describes the concepts of affinity and specificity as well as introduces
the most commonly used bioaffinity binders: antibodies, nucleic acid probes and
aptamers, focusing on their properties affecting the analytical performance of
bioaffinity assays. Less frequently used binders, such as lectins, darpins and
molecularly imprinted polymers are not discussed.

2.3.1 Affinity and specificity
Ligand binding reaction is expressed by the Law of Mass Action:
B+L < BL (1)

where B is the binder, L is the ligand and BL is the ligand-binder complex.
Association constant K, is an equilibrium constant of a ligand binding reaction:
_ka__ B
N kq N [Btree 1[Lfreel

Ka 2

where &, and &, represent the rate constants of association and dissociation reactions,
respectively, [BL] is the concentration of the complexes of ligands and binders and
[Liee] and [Bgee] are the concentrations of unbound ligands and binders at the
equilibrium, respectively. Affinity can be also expressed as dissociation equilibrium
constant Kg, which is equivalent to 1/K,.*"! High-affinity binders are necessary to
efficiently capture extremely low concentrations of analyte, as required in
ultrasensitive bioaffinity assays. The effect of the affinity is a particularly dominant
determining factor the maximal sensitivity that can be achieved by competitive
assays,*! but it is also significant for non-competitive assays.

By substituting [Bgec] by [Biot]-[BL] and [Lgec] by [Liwt]-[BL], where [Biw] and
[Liw] are the total concentrations of binder and ligand, respectively, the equation 2
can be rearranged to:

[BL]

K= B =BLD (Lo —[BLD

3)

At low ligand concentrations, when [Liot] << [Biot], [Btree] = [Biot], the equation 3 can
be simplified to:

K,= [BL] [BL] 1

~ Brotl (Lot -[BLD) [BL](W—[&M]) - [Btot]([][“];ﬁ]—l)

4)
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By solving [BL] from the equation 4, it can be expressed as:

[BLJ= —tetl 5)
Ka[Btotl
indicating that increasing the binder concentration [Biw:] results in increased
concentration of binder-ligand complexes at the equilibrium, and the effect of [Bio]
is the same as the effect of K,. Thus, lower affinity can be compensated to some
extent by increasing the binder concentration. However, it may also elevate the
background signal from nonspecific binding.!>*-53

K. reflects the concentrations of bound and free components at the equilibrium,
but the rate constants may also play a significant role in the analytical sensitivity in
non-equilibrium assays. For example, in lateral flow assays, the binding needs to
occur during the short time during which the analyte flows past the test line,
highlighting the importance of high £..>¥ Additionally, prolonged incubation times
required to compensate low k, make heterogeneous assays more prone to nonspecific
binding, thus resulting in higher LoDs.!

Another important characteristic of affinity binders is specificity. Bioaffinity
assays are mostly used for detection of low-abundance target analyte in complex
sample matrices containing much higher concentrations of non-target molecules.
Therefore, even low cross-reactivity with high-abundance biomolecules may
significantly interfere with the quantification of the analyte.

2.3.2 Antibodies

Immunoassays are based on antibodies (Ab) and their ability to specifically bind to
their target. Antibodies can be generated against a wide range of target molecules,
such as proteins, haptens and pathogens. Typical antibodies used in immunoassays
have affinities between 103 M! and 10'° M"!, which is considered as an affinity
ceiling of in vivo generated antibodies.? 43 5]

Antibodies, or immunoglobulins (Ig), are divided into five classes: 1gG, IgM,
IgA, IgD and IgE,”7 of which IgGs are almost exclusively used in immunoassays
due to their high affinity. IgG is a bivalent, Y-shaped molecule with a molecular
weight of approximately 150 kDa.’”! It consists of a constant domain (Fc) and two
antigen binding fragments (Fab). The specificity and affinity of the antibody are
determined by highly variable complementarity-determining regions at the ends of
the Fab fragments.®! (Figure 2 A)

18



Literature Review

A B

compementarity-
determining region
B /

\ N/ S &
wN
i

Fab region

T

IgG Fab scFv

Figure 2. The structures of A) IgG and B) antibody fragments. IgG molecules consist of a conctant
Fc region and two Fab fragments. The antigen binding sites are located at the ends of
Fab regions. The two heavy chains (blue) are covalently connected via two disulfide
bonds and each light chain (orange) is connected to the heavy chain with one disulfide
bond.

Fc region

Antibody reagents can also be classified into polyclonal and monoclonal antibodies.
Polyclonal antibodies (pAbs) are produced in immunized laboratory animals and
they contain heterogeneous mixtures of immunoglobulins with varying affinities and
specificities against different epitopes in their target molecule.® On the other hand,
monoclonal antibodies (mAbs) are homogeneous antibody reagents recognizing a
specific epitope of the antigen with a certain affinity and selectivity. MAbs are
produced in hybridoma cell lines, that are generated by fusing B lymphocytes of an
immunized animal with immortal myeloma cells.”® PAbs have relatively high batch
to batch variation because they are dependent on the immune response of the
individual immunized animals, whereas mAbs can be produced in virtually
unlimited quantities without significant variation between batches.* -6 Modern
biotechnology has also enabled the development of new antibodies completely
without animal immunization by using in vitro technologies, such as phage
display,'®") making the antibody development process faster and less expensive and
avoiding the need for laboratory animals.!®

Instead of intact IgGs, also antibody fragments can be used as binders in
immunoassays. Bivalent F(ab),-fragments and monovalent Fab-fragments (Figure 2
B) can be produced by enzymatic cleavage of IgG molecules to remove the Fc part.
Alternatively, they can be directly produced as recombinant proteins. Single chain
variable fragments (scFv) contain only the variable fragments connected with a
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flexible linker, and they are only produced as recombinant proteins.®” The removal
of constant regions may reduce unwanted interactions, such as complement
activation,'®! and antibody fractions have been shown to decrease nonspecific
interactions and consecutively improve the assay sensitivity.l*¢! However, they
may be less stable than intact IgGs!®® and may require more sophisticated, site-
specific conjugation techniques to retain their binding activity.[646%]

2.3.3 Nucleic acid probes

Nucleic acid diagnostics is generally based on specific hybridization of
complementary nucleic acid strands. As the nature of interactions in hybridization is
relatively simple and based Watson-Crick base pairing,®®! the prediction of
interactions between nucleic acid sequences is more straightforward than prediction
of protein interactions. Furthermore, the development of automated synthesis
methods has enabled inexpensive production of custom-made synthetic
oligonucleotides.[™” Additionally, a wide range of modifications, such as reactive
groups, fluorophores and haptens, can be included in the synthesis.[”!! These features
have made custom oligonucleotides an integral part of modern biotechnology.

The stability of nucleic acid probe hybridization is generally expressed as
melting temperature (Trm). The strands of nucleic acid duplexes dissociate at elevated
temperatures, and the stronger the hybridization, the higher temperature is required
for denaturation. Tr, is defined as the temperature at which 50% of the strands are in
double stranded form and 50% in single stranded form.[”?! T,, can be increased by
increasing the number of nucleotides participating in the hybridization and by
increasing the proportion of guanine and cytosine in the sequence.” It is also
affected by the buffer composition, particularly the concentration of salts.[%
However, increasing the probe length or salt concentration also increases the
probability of nonspecific hybridization with non-target sequences.

Due to their high stability and low cost, DNA oligonucleotide probes are most
commonly used for DNA and RNA detection. Even though the hybridization of
RNA-RNA and RNA-DNA duplexes can be thermodynamically more stable than
DNA-DNA duplexes,!” the poor stability of RNA molecules, due to enzymatic and
chemical hydrolysis, has hindered the widespread use of RNA probes. Additionally,
non-natural nucleic acid mimics with special hybridization properties have been
developed, and they are advantageous as probes in certain applications.

Locked nucleic acids (LNA) are nucleic acid mimics that contain an additional
2’—C,4’—C-oxymethylene link (Figure 3)."" The link conformationally restricts the
LNA monomers, forcing the strand into A-type duplex geometry, which is especially
favourable in hybridization with RNA.U®771 LNA nucleotides can be included in the
synthesis of DNA and RNA oligonucleotides, and compared to the corresponding
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DNA sequence, 4-6 °C increases in T per LNA monomer have been reported.l’s 7!
As a result of the improved hybridization stability with complementary sequences,
LNA modified probes possess improved discrimination of mismatched nucleotides
than DNA probes, making them well-suited tools for detection of mutations.[*-8!]
Peptide nucleic acids (PNA) are DNA mimics in which the phosphodiester
backbone of DNA is replaced by a peptide backbone mimic to which the nucleobases
are attached (Figure 3).52%3 This results in non-charged backbone, avoiding
electrostatic repulsions that are present in hybridization of negatively charged natural
nucleic acids.®**5! The thermal stability of PNA-DNA and PNA-RNA duplexes is
higher than that of the corresponding DNA-DNA or DNA-RNA duplexes, and the
hybridization is not dependent on the ionic strength of the solution.®3-*%! Moreover,
PNA is highly resistant to enzymatic degradation.’® 871 On the other hand, due to the
non-charged backbone, PNA is less soluble in aqueous buffers and is therefore more
prone to aggregation.® The neutral charge of PNA has made it an attractive
alternative to DNA probes especially in electrochemical nucleic acid sensing(3%-%%,
but PNA probes have also been used in optical®? and quartz-crystal
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Figure 3. Structures of DNA, RNA, LNA and PNA backbones. Adapted from Kubota et al.
(2006).1%%1

Another way to improve the binding properties of nucleic acid probes is by using
base stacking interactions, which refer to noncovalent forces between adjacent
nucleobases.”**” Even though the thermodynamic basis of base stacking is not fully
understood,®® its contribution to the duplex stability is well documented.P® °-103]
Due to the base stacking interactions, a double-stranded DNA duplex with a nick is
almost as stable as a DNA duplex formed by two intact strands. Introducing a gap
prevents the stacking, reducing the hybridization stability.”” Base stacking has been
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used in FRET-based biosensing of micro-RNAs (miRNA) by designing the probes
in such way that the stacking interactions with the target miRNA allow for the
formation stable duplex, bringing the donor and acceptor to close proximity to enable
FRET.UM_IOS]

234 Aptamers

Aptamers are single stranded nucleic acid sequences with a specific three-dimensional
structure making them capable of binding to specific non-nucleic acid targets.!%197]
Aptamers have been generated toward a wide range of targets, varying from ions!'%*
17 and small molecules!!*!!?! to proteins!!!3-114 15117 and even whole
cells."®11% New aptamers can be developed by an artificial process called systematic
evolution of ligands by exponential enrichment (SELEX), in which molecules with
highest binding affinity to the target molecule are isolated from a pool of random RNA
or DNA sequences.!'%1%7) Once the sequence has been identified, aptamers can be
easily produced using automated oligonucleotide synthesis methods.!2"!

Typically, the affinities of DNA and RNA aptamers obtained with the SELEX
process vary between micromolar and nanomolar range,!?!"'%¥ but even picomolar
affinities have been reported.['?*12¢) However, the three-dimensional structure and
therefore, the target recognition of aptamers is considerably influenced by the
environmental variables, such as pH and buffer composition, which may limit their
applicability for target recognition in biological samples.!'>”) Moreover, biological
samples contain nucleases, and modified nucleic acids may be needed to prevent the
enzymatic degradation of aptamers.[2®]

1 sugar moieties!

24 Solid phases

Heterogeneous assays utilize solid phases for separation of bound and unbound
reagents. Immobilization of binders strongly affects the binding kinetics, because the
binding rate is predominantly limited by the mass transport of the biomolecules to
the capture surface and not by the binding reaction rate.[33-%12%1 Therefore, the choice
of solid phase has a pivotal importance for the binding kinetics. Kinetics does not
only affect the assay time, but also sensitivity, because nonspecific binding usually
increases with the incubation time. ]

In conventional microtiter plate-based assays, the binding only occurs on the
binder-coated surfaces of the microtiter wells. During the incubation with the
sample, the binding quickly depletes the free analyte molecules close to the surface,
creating a concentration gradient between the surface and the bulk solution (i.e.
diffusion layer). The binding rate of bioaffinity assays is directly proportional to the
concentrations of free analyte and binders:
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r = k,[L][B] (6)

where 1 is the binding rate, &, is the association rate constant of the binder, [L] is the
concentration of the ligand and [B] is the concentration of the binder. Therefore, the
reduction of local [L] reduces the binding rate. The mass transfer is typically enhanced
by mixing the microtiter plates, reducing the thickness of the diffusion layer, but
generally used orbital shaking does not completely eliminate this limitation. !

Microparticles provide an alternative solid support system that provides a large
capture surface area and allows for more even distribution of the binders in the bulk
solution. This decreases the diffusion distance between the analyte and binder
molecules, improving the binding kinetics.[’> 3% Additionally, the concentration of the
binders can be increased more freely than in microtiter plate-based systems by
increasing the amount of particles in the reactions, whereas the surface area of a
microtiter well is limited by the well dimensions. As seen from equation 6, this
increases the binding rate. On the other hand, increasing the number of beads and thus
the surface area typically results in lower signal to background ratios and elevated
LoDs.["% 131 Microparticles have also been used for preconcentrating the analyte from
larger sample volumes to reach lower LoDs.** 1*2l The main drawback of particle-
based assays is more complex handling of the particles compared to microtiter plates.

Membrane based solid-phase systems are commonly used in lateral flow assays,
but they can also be used in other kinds of assay platforms, such as dot-blot assays and
microarrays.!'*¥13 Nitrocellulose is the most widely used membrane material, but
other materials, such as nylon and polyethersulfone can also be used.*® 3¢ The porous
3D structure of the membranes enables immobilization of high amounts of binders to
a small area.l*®! In lateral flow assays, the reagents flow through the membrane driven
by capillary forces. The analyte has to bind to the test line during the short time period
during which it passes the test line, but the binding kinetics is enhanced by the high
local binder concentration and short diffusion distance at the test line.l** 37!

2.5 Detection technologies

Detection of bound biomolecules in bioaffinity assays generally relies on conjugation
of detectable molecules, i.e. labels, to at least one of the assay components. Labels can
be either directly detectable or require separate signal generation or amplification
steps. Research aiming to improve immunoassay sensitivity has driven the
development of detection technologies. Early immunoassays relied on radioisotope
labels, but the sensitivity of such assays was strongly limited by the amount of
radioactive decay events during the measurement time.!> *!l Additionally, the safety
issues related to handling and disposal of radioactive materials as well as limited
stability of radioisotope tracers prompted the development of non-isotopic detection
technologies.*”! Especially non-competitive bioaffinity assays greatly benefit from
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detection technologies that are capable of producing more signal per binding event, i.e.
have higher specific activity.[> *!) Other important characteristics for ideal detection
technology include high robustness, good label stability, low instrument requirements
and suitability for multiplexing.'® 13 This chapter introduces some of the commonly
used optical detection technologies.

2.5.1 Enzymes

First enzyme-linked immunosorbent assays (ELISA) were introduced in 1971 by two
groups independently: Engvall and Perlmann by using alkaline phosphatase!®! and
van Weemen and Schuurs by using horseradish peroxidase.[¥ To this day, these
enzymes are most commonly used in ELISA.?% 1381401 Detection of enzyme labels is
based on enzymatic reaction converting suitable substrates into detectable products.
The choice of substrate depends on the desired analytical sensitivity and the available
instrumentation for the readout, and depending on the substrate, the product can
enable colorimetric, chemiluminescent or fluorescent detection.?® 140-141]

Typically used enzyme labels exhibit fast turnaround rates, producing large
amounts of detectable molecules per binding event, thus providing efficient signal
amplification.'*® Amplification of the signal greatly improves the analytical
sensitivity of the assays, but especially with colorimetric substrates, the dynamic
range is limited to 2-3 orders of magnitude.['*?! Therefore, reliable quantification
may require analyzing several dilutions of unknown samples. Fluorogenic substrates
provide improved sensitivity and wider linear range compared to colorimetric
substrates, but their detection is limited by autofluorescence background under
continuous light excitation.[?® ¥} Chemiluminescent substrates can reach lowest
detection limits but the signal decays over time.['4% 144]

Enzymes and their substrates are also sensitive to storage and assay conditions and
possible enzyme inhibitors in the sample may reduce enzyme activity, causing
erroneous results.'*! Moreover, the diffusion of the reaction products limits the
suitability of enzyme labels for spatial multiplexing, although multiplex ELISA arrays
have also been developed.'*) These arrays rely on real-time imaging of
chemiluminescence generated locally in the array spots by the enzyme reaction.'46-147]

2572 Fluorescent labels

Conjugation of binders with fluorescent molecules enables direct detection of
tracers, omitting the enzyme reaction. However, autofluorescence of the
biomolecules and other assay materials upon photoexcitation increases the
background signal, strongly limiting the sensitivity achieved by conventional
fluorophores.[148-149]
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Time-resolved fluorometry exploits the long excited-state lifetimes of lanthanide
ions to temporally eliminate autofluorescence background, which has much shorter
lifetime.["*®! Lanthanide ions, such as Eu®*" or Tb*", are carried by organic chelates
that permit their conjugation with affinity binders. Additionally, the chelates enhance
the lanthanide fluorescence by harvesting excitation light and transferring the energy
to the lanthanide ion.!'>% Lanthanide chelates have narrow emission bands and large
Stokes shift, making them excellent labels for sensitive bioaffinity assays.!'*” In
dissociation-enhanced lanthanide fluoroimmunoassay (DELFIA) technique, the
lanthanides are coupled to the antibodies or other bioaffinity binders via non-
fluorescent chelates. After carrying out the assay, a separate signal enhancement step
is required, similarly to common enzyme labels. In the signal enhancement step of
DELFIAs, the lanthanide ions are dissociated from the complexes upon addition of
enhancement solution, to form fluorescent lanthanide chelates into the solution.!
Intrinsically fluorescent lanthanide chelates,!'>!* on the other hand, allow for
detection of lanthanide fluorescence directly from the surface, thus simplifying the
workflow and enabling spatial multiplexing and microspot assays.> “°! To further
enhance the sensitivity, lanthanide chelate doped nanoparticles have been used. A
single nanoparticle can carry tens of thousands of lanthanide ions, strongly
enhancing the signal response per binding event.[!35-156]

Time-resolved fluorometry overcomes many of the disadvantages of
radioisotope, enzyme and fluorophore labels and has improved the sensitivity of
bioaffinity assays.['*> 13| However, the technology relies on relatively complex and
expensive instrumentation, such as pulsed UV excitation source, retaining it mostly
as a research and central laboratory technology. Additionally, the long excited-state
lifetimes result in low photon flux, which may limit the detectability of trace amounts
of lanthanide chelates.[>”!

253 Oligonucleotide tags

Development of polymerase chain reaction (PCR) and other molecular biology
techniques rendered specific nucleic acid sequences highly detectable via enzymatic
or non-enzymatic amplification methods. Various methods have been used for
detection of nucleic acid labels, including intercalating dyes, fluorescently labelled
probes and sequencing.!' 158-1€0] Dye to the efficient amplification of the nucleic acid
labels, the specific activity of the signal generating element used for their detection
is less critical for analytical sensitivity. Depending on the amplification and detection
methods, nucleic acid labels can be used for spatial, spectral and sequence-based
multiplexing. Nucleic acid amplification techniques can be exploited also in protein
detection by coupling nucleic acids to antibodies or other protein binders.!°!]
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254 Upconverting nanoparticles

UCNPs are inorganic nanocrystals consisting of a crystalline host matrix, such as
NaYF,4, doped with lanthanide ions that give them their characteristic optical
properties. Typical dopants are Yb** acting as a sensitizer and Er** or Tm** as an
activator.['” 12 In upconversion process, the sensitizers absorb excitation photons
(Yb* at 980 nm) and transfers energy to activator ions. The activators have
metastable, long-lived excited states, enabling stacking of the energy from two or
more excitation photons before emitting it in a single photon. Due to this, the
emission occurs at higher energy and shorter wavelength than the excitation, which
is called anti-Stokes shift.l'”- %] The energy level diagram and emission spectrum of
Er** doped UCNPs are presented in Figure 4.
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Figure 4. A) Energy level diagram of Yb3*/Er®* doped upconverting nanoparticles. Solid arrows
represent photon absorption and emission, dotted lines represent energy transfer and
wavy arrows represent relaxations. Alternative paths for red emission are excluded for
simplicity. B) Emission spectrum of Yb**/Er®* doped upconverting nanoparticles upon
980 nm excitation. Figure adapted from Lahtinen (2019)'¢%3 and Wiirth et al. (2017).[164

From the perspective of bioaffinity assays, UCNPs have numerous advantages. Most
importantly, the large anti-Stokes shift allows for complete elimination of
autofluorescence background, which always occurs at longer wavelengths than the
excitation light.[1+15: 181651 Even though the quantum yield (i.e. the number of emitted
photons per the number of absorbed photons) of UCNPs is low,'%®! the anti-Stokes
emission allows for increasing the excitation power density without increasing the
autofluorescence background, dramatically improving the signal to background
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ratio.?% 171 Therefore, trace amounts of UCNPs can be detected with simple and
inexpensive instruments, and with more sophisticated instrumentation, even single
UCNPs can be detected.[!>: 1651681691 Moreover, the luminescence can be read directly
from the surface without additional enhancement steps, enabling spatial
multiplexing.['” By combining UCNPs doped with different activators, spectral
multiplexing is also possible, but usually limited to 2 or 3 wavelengths.['7!-172]
Another benefit is that the luminescence remains stable over time and can be
repeatedly measured without photobleaching.[!73-174]

UCNPs are typically synthesized in organic solvents, and the as-synthesized
UCNPs are capped with hydrophobic ligands, typically oleic acid.!' '7>176! Various
surface modification strategies have been developed to render UCNPs water
dispersible and to introduce functional groups for conjugation with affinity binders."-
1761 The oleic acid is usually removed, either by acid wash or ligand exchange reaction,
followed by coating of the surface with hydrophilic ligands, such as polyethylene
glycol (PEG), poly(acrylic acid) (PAA) or by silanization.'’*1"! Alternatively, a
second layer of amphiphilic ligands can be added on top of the oleic acid surface,
forming a bilayer with hydrophilic outer surface.?” '8! Another option is to chemically
modify the hydrophobic ligands. i.e. via oxidation, to introduce hydrophilic functional
moieties that can be used for the subsequent bioconjugation.*”!

The choice of surface modification has a remarkable role on the properties of the
UCNP labels in bioaffinity assays. For example, PAA contains a large number of
carboxylic groups for coordination with lanthanides as well as for conjugation with
biomolecules. It forms a thin but dense layer on the nanoparticle surface. PAA coated
UCNPs have been shown to have excellent colloidal stability and low tendency to
aggregation.["®!) On the other and, the strong negative charge of PAA makes them
prone to nonspecific interactions with positively charged molecules. In contrast,
PEG coating has a neutral charge!'®” and PEG coated UCNPs are highly resistant to
protein corona formation, reducing the nonspecific interactions.!'33] PEG itself does
not contain functional groups for bioconjugation, but PEG linkers with various
functional groups are commercially available. The optimal surface modification
always depends on the desired properties for the specific application. For example,
lateral flow assays are particularly sensitive to particle aggregation,!'® in vivo
applications require resistance to protein corona formation'®>! and in FRET assays,
the coating has to be thin as the FRET efficiency diminishes rapidly with increasing
distance between the donor and acceptor.!86]

UCNPs have been used as labels in bioaffinity assays in various platforms, such
as microtiter plate-based assays,? 24 lateral flow assays,!?> 165 172, 184, 187-188]
microarrays,!'”! microfluidic assays!!**) and FRET-based homogeneous assays,!
186] and they have proven their potential in ultrasensitive biosensing. For instance,
Makhneva et al. (2022) compared HRP, carboxyfluorecein and UCNPs as labels for

105,
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prostate-specific antigen (PSA) detection, reaching 15 and 34 times lower LoDs with
UCNPs compared to horseradish peroxidase and carboxyfluorecein, respectively.
Francés-Soriano et al (2022) improved the LoD of FRET-based hybridization assay
by more than 20-fold by replacing the quantum dot donors with UCNPs.['%] Juntunen
et al. (2016) reached more than 50-fold improvement in LoD by using UCNP
reporters compared to europium chelate doped nanoparticles in a lateral flow assay
for detection of ¢Tnl.['%

Nonspecific binding is the main factor limiting the analytical sensitivity of
upconversion-based heterogeneous bioaffinity assays.!'® 20-21: 24261 This might be
partly due to the larger surface area of nanoparticles compared to molecular labels
and enzymes interacting with the capture surface,?! 2% 183 but also due to the high
detectability of UCNPs making even trace amounts of nonspecifically bound labels
detectable.!*

2.6 Methods to improve analytical sensitivity

To improve the analytical sensitivity of an assay, there are in principle two
approaches: either enhancing the specific signal response from the analyte or
reducing the background noise in the absence of the analyte. Optimizations of assay
conditions, such as compositions of assay buffers, concentrations, pH, incubation
times and temperatures, generally aim to do both and thus increase the signal-to-
noise ratio. However, only a limited improvement can be achieved by simple
optimizations, and therefore, more sophisticated methods have been developed to
further push the limits of analytical performance.

2.6.1 Signal amplification

In addition to selecting a high specific activity reporter technology (discussed in
section 2.5), the signal response per analyte binding event has been increased by
various enzymatic and non-enzymatic cascade reactions. However, usually signal
amplification eventually results in amplification of background signal as well, and
the amplification translates into improvement of analytical sensitivity only if the
specific signal is amplified more than the background signal. Especially with
modern, highly detectable labels, only limited benefit can be achieved by signal
amplification, unless it is combined with efficient background reduction.

2.6.1.1 Branched DNA assays

Branched DNA (bDNA) technology aims to improve the analytical sensitivity of
hybridization assays by increasing the number of labels binding to a single target
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molecule."*°! It employs a series of DNA probes that hybridize to each other and

the target, forming a branched structure that connects several labels to one analyte
binding event thus amplifying the signal.'"*!l bDNA technology has been mostly used
for quantification of viruses,!'”!%! but other applications include detection of
bacteria'®®! and studying mRNA expression levels.!197-1%]

Three generations of bDNA assays have been developed. In the first-generation
bDNA assays, several bDNA amplification probes hybridized with the target
sequence, and each amplification probe contained several branches to which the
enzyme labels were bound. The target was captured onto the solid phase by several
immobilized capture probes.!'”! The second-generation configuration developed by
Kern et al. (1996) introduced preamplification probes to further increase the amount
of labels, as each preamplification probe was able to hybridize with multiple
amplification probes. This resulted in strong enhancement of the signal. Moreover,
the background originating from nonspecific hybridization was reduced by
decreasing the length of the capture probes and by using a pair of probes in a
cruciform design instead of one longer probe to connect the preamplification probes
with the target. The authors reported at least 20-fold improvement in sensitivity
compared to the commercialized first-generation bDNA assay, Quantiplex HIV
RNA 1.0."°" The nonspecific hybridizations were further reduced in the third-
generation bDNA assays by using non-natural isoG and isoC nucleobases in the
synthesis of the probes.?””) These modified nucleobases hybridize with each other
but not with the natural nucleobases.*! As a result, LoDs of less than 100 copies/mL
have been reached.!'”*1% 200 However, including these modified nucleobases in the
large number of probes required for the signal amplification increases the costs of
the assays, which may limit the suitability of the technology in some applications.

In addition to enzymes, bDNA technology has also been applied to assays using
nanoparticle reporters. Brandmeier et al. (2024) studied different bDNA assay
configurations with UCNP labels and bacteriophage M13 as a model analyte.*?) A
13-fold improvement in analytical sensitivity was reached with bDNA signal
amplification, compared to an assay without amplification. Even though the
detection limits of assays employing highly detectable labels are usually limited by
nonspecific binding rather than detectability of the label, the bDNA technology
provides simple signal amplification, which can be particularly beneficial in point-
of-care applications.!'*?)

Nucleic acid detection is routinely done using methods relying on target
amplification, mostly by PCR.2%291 The bDNA assays overcome some of the
limitations of PCR technology: no expensive equipment, such as thermocyclers, are
needed and cross-contamination between samples is less likely because the target is
not amplified.?°2%71 Furthermore, the sample pre-processing required for bDNA
assays is minimal.'”* 171 As errors originating from nucleic acid extraction and
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exponential target amplification are eliminated, relatively small differences in
concentrations can be quantified.[!%3 197-198.206]

2.6.1.2 Immuno-PCR

The invention of PCR in 1985[2%! revolutionized the sensitive detection of nucleic
acid targets and prompted interest in developing something similar for protein
biomarker detection. Proteins cannot be amplified as nucleic acids, but Sano et al.
(1992) combined PCR with immunoassays by attaching a specific DNA sequence to
an antibody and using its amplification by PCR to quantify the concentration of a
protein analyte.l'®!] The early development of immuno-PCR was done by directly
coating the purified analyte to microwells. Typically, LoDs between 580-5800
molecules (corresponding to 20-200 aM in 50 pL) were reached, demonstrating the
potential of the detection system.[!61-20%-2101 However, these first versions of immuno-
PCR were not yet suitable for analyzing real samples, in which the analyte of interest
is present in a complex mixture of non-target proteins and other biomolecules. To
enable the protein detection in biological samples, immuno-PCR was adapted to the
sandwich assay format, typically resulting in femto—picomolar LoDs.!2!1-214]

The detection of the PCR products was first done by gel electrophoresis, which
was time-consuming and had only narrow dynamic range due to the limited
detectability of DNA bands with low analyte concentrations and saturation of PCR
amplification with high analyte concentrations.[!!: 212 2151 Niemeyer et al. (1996)
compared different detection methods to improve the analytical sensitivity of
immuno-PCR. In their study, the lowest LoD was reached when the amplification
product of immuno-PCR was quantified by enzyme linked oligonucleotide assay.*!¢!
However, after the development of real-time quantitative PCR,['"-218] real-time
detection was also applied to immuno-PCR.!'*) The real-time detection improved
quantification precision and avoided the need for sample processing after
amplification, reducing the manual workload and risk for cross-contaminating the
samples. Moreover, it widened the dynamic range of immuno-PCR, because all of
the samples with varying concentrations do not need to be at exponential phase at
the end of the amplification.'>"!

With real-time detection, the number of PCR cycles can be increased to improve
the detection of PCR products without the saturation of the amplification limiting
the quantification of the high concentrations. Thus, the analytical sensitivity of
immuno-PCR is not anymore limited by the detectability of the PCR product.
Instead, the sensitivity is generally limited by the nonspecific binding of the reporter
antibody-DNA conjugate resulting in detectable amounts of reporter sequence
during PCR amplification.[!>- 211 215. 2192201 Typical LoDs have remained at femto—
picomolar range,?!*??3 and the complexity of the method and difficulty to control
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the background signal are limiting its usability in many applications. Moreover, due
to the exponential amplification, even a small change in PCR efficiency results in
huge difference in quantification, reducing the quantification precision.??*l

2.6.1.3 Other nucleic acid-based signal amplification systems

In contrast to PCR, isothermal amplification can be carried out using simpler
instrumentation, because thermal cycling is not needed. Rolling circle amplification
(RCA) is a commonly used isothermal amplification method that has also been used
for detection of various targets.”?>) In RCA, the hybridization of a circular primer
initiates the extension of the DNA strand by strand displacement capable DNA
polymerase, resulting in a long single-stranded DNA concatemer product (Figure S,
top).[226227] Therefore, in binding assay detection systems, the RCA targets remain
bound to the affinity binder thus preserving the spatial information, unlike PCR
products.'” RCA product can be detected by hybridizing with several fluorescently
labelled short DNA probes, amplifying the signal per analyte binding event.!% 227]
RCA is a linear amplification process, thus overcoming the quantification
imprecision related to exponential amplification.[*?#!

The main disadvantages of enzymatic amplification systems are limited stability
of enzymes and their sensitivity to inhibitors. Non-enzymatic signal amplification
systems of nucleic acid labels often utilize a series of toehold-mediated strand
displacement reactions, which are highly programmable hybridization reactions where
DNA or RNA strands displace other strands based on differences in the free energy of
their hybridization. The reactions start by the hybridization of an initiator sequence to
a single-stranded toehold domain. Subsequently, the initiator displaces the original
strand via branch migration. By coupling multiple strand displacement reactions
together, various signal amplification strategies have been engineered.??8-2%]

In hybridization chain reaction (HCR), an initiator sequence propagates a series
of strand displacement reactions between two sets of hairpin-structured
oligonucleotides to form a nicked double stranded DNA helix (Figure 5, middle).*?*
2301 Opening of the original hairpins results in signal generation for example by using
DNA intercalating dyes!??®) or DNAzyme activity.[??* 2!l Instead of a linear HCR
product, also more complex, branched assemblies have been constructed.?3?]

Another example of non-enzymatic amplification is catalytic hairpin assembly
(CHA). Like HCR, a typical CHA also starts by hybridization of an initiator
sequence with a hairpin-structured oligonucleotide, resulting in an opening of the
hairpin. The single-stranded end of the opened hairpin hybridizes with another
hairpin-structured oligonucleotide, which displaces the initiator. After the release,
the initiator can initiate another cycle, and thus, a single binding event produces a
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large amount of short double-stranded sequences that are released into the solution
(Figure 5, bottom).[228]
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Figure 5. Schematic illustrations of signal amplification by rolling circle amplification (RCA),
hybridization chain reaction (HCR) and catalytic hairpin assembly (CHA).
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2.6.2 Background reduction

The background signal in bioaffinity assays using optical labels consists of
background signal of the detector, the assay materials (autofluorescence), and
nonspecific binding of reporter conjugates onto the detection surface.[*?*> 2331 The
higher the background signal and noise, the higher the specific signal has to be in
order to be reliably distinguishable from the background. With high-affinity binders
and highly detectable labels, nonspecific binding usually becomes the major limiting
factor to reach ultrasensitivity. ! 20 22 41, 233-235]

Some level of nonspecific interactions always occurs in bioaffinity assays,
especially when analyzing biological samples, as they contain complex mixtures of
non-target proteins and other biomolecules typically in much higher concentrations
than the analyte of interest.>**! Proteins tend to stick to most surfaces and each
other,¢%7 which can either increase!?® > or decrease?!- 3% 1942381 the background
signal and thus cause errors to the quantification of the analyte. Due to the biological
variation, the amount of nonspecific binding varies between samples, thus hindering
the elimination of background signal by simply subtracting the average
background.®” Therefore, various methods for reduction of background signal from
nonspecific binding have been extensively studied.

2.6.2.1 Separation

Heterogeneous assay format decreases matrix related interferences compared to
homogeneous assays, due to the addition of reagents in separate steps and removal
of the unbound reagents before the next step.?®) However, a fraction of biomolecules
can be adsorbed to the surface and immobilized binders nonspecifically, which may
result in interactions with other assay components in later assay steps. As nonspecific
interactions are much weaker than specific interactions, nonspecific binding can be
decreased to some extent by stringent washing.5*! On the other hand, too harsh wash
conditions eventually lead to losses in specific binding, too. In theory, rinsing of the
surface dissociates molecules in respect to their dissociation rate constant, ks. Most
of the nonspecific interactions have higher £, than specific interactions. However, a
fraction of nonspecific binding has similar k, as typical specific binding, and in that
case, rinsing does not increase the ratio of specifically to nonspecifically bound
molecules.!>

Zhang et al. (2013) reduced nonspecific binding of DNA-labeled detection
antibody in immuno-PCR by adding 0.1% sodium dodecyl sulfate to the washing
buffer.[??”) Even though the addition strongly decreased the background, the method
is not selective and inevitably leads to some loss of specific signal, too. In order to
strengthen the specific binding and thus to enable more stringent washing without
detachment of specifically bound labels during washes, Mendez-Gonzalez et al.
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(2018) developed a DNA sensor based on target-dependent photochemical ligation
of the capture and tracer probes. Covalent coupling allowed for reduction of
nonspecific binding by extreme wash conditions with significant improvement in the
recovery of the specific signal. The assay reached an LoD of 20 fM for the detection
of micro-RNA-195 DNA analogue./**) Later, they used similar strategy combined
with magnetic bead capture and showed 10-fold improvement in sensitivity with
photochemical ligation compared to a reference assay without ligation.**! Raiko et
al. (2021) reduced nonspecific binding of PAA coated UCNP antibody conjugates
in a heterogeneous immunoassay by using a wash buffer with pH 10.25 in the
washing step after the UCNP incubation. The beneficial effect of high pH was most
likely based on significantly reduced ionic interactions between negatively charged
UCNP conjugates and plasma proteins adsorbed on the detection surface.l*]
However, this approach is applicable only if the specific binding between the
antibody and analyte of interest is not deteriorated at elevated pH.

2.6.2.2  Surface chemistry & blocking

In heterogeneous bioaffinity assays, the chemical properties of the capture surface
have a crucial role on the nonspecific binding. Additionally, in assays that employ
nanoparticle reporters, the surface modification of the reporters is of high
importance, because of the large surface area interacting with biomolecules and other
surfaces. Nanoparticles have been shown to adsorb proteins from biofluids, forming
a protein corona, which affects their interactions with other surfaces and
biomolecules.!'8* 23 2411 Therefore, passivation of nanoparticle surface is of
particular interest in in vivo applications and one-step assays, where the
nanoparticles are in direct contact with biological fluids.

The most straightforward method to immobilize proteins and nucleic acids onto
solid-phase surfaces is through passive adsorption. In case of proteins, passive
adsorption is based on van der Waals and hydrophobic interactions between the
solid-phase (e.g. polystyrene) and the proteins.[*® 22! Passive adsorption of nucleic
acids is mainly achieved through van der Waals and electrostatic interactions.?*)]
Passive adsorption is a random process and thus does not allow for controlling the
orientation of the binders.[3% 2431 Additionally, proteins are partially denatured in the
process, which may affect their binding affinity.[*®!

Alternatively, various linker proteins can be used. Streptavidin is one of the most
commonly used linker proteins due to its high affinity (K, approximately 10 M)
to biotin.!**¥ Streptavidin is a versatile linker, as it can be used for immobilization of
any biotinylated molecules. Biotinylation and subsequent immobilization of
antibodies to streptavidin coated polystyrene microtiter wells has been shown to
improve the functionality of the capture surface compared to direct coating through
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passive adsorption.?*! On the other hand, streptavidin coated surfaces may exhibit
elevated nonspecific binding compared to directly coated surfaces.>!

After coating the surface with affinity binders, the remaining protein binding
surface is usually saturated with blockers to prevent nonspecific binding. Bovine
serum albumin (BSA) and milk proteins are widely used for this purpose. In a study
by Farajollahi et al. (2012), 1% BSA was shown to be more effective in blocking
nonspecific binding in ELISA, compared to 1% milk powder and 2% casein>),
whereas in a study by Giiven et al. (2014), skimmed milk was found to be most
effective.5? Their data also suggested that some serum samples contained antibodies
against some blocking agents, thus inducing nonspecific binding. In contrast,
Ahirwar et al. (2015) demonstrated that BSA blocking was insignificant in ELISA,
as long as the washing buffer contained detergent.**! Moreover, BSA preparations
have been shown to vary in blocking effectiveness.**”! It can be concluded that
blocking can never completely prevent nonspecific binding and if extreme sensitivity
is required, the surface blocking may have to be individually optimized for each
assay.

Another approach to prevent nonspecific binding is chemical modification of the
surface prior to the immobilization of the affinity binders. Various anti-fouling
surfaces have gained significant interest in the field of biosensing. They usually
consist of highly hydrated molecules that are charge-neutral or have a low negative
charge, reducing unwanted hydrophobic and electrostatic interactions with
biomolecules.**32*1 PEG is widely used in anti-fouling surfaces, as it has proven to
be highly resistant to protein adsorption in biological fluids.!!8 1852302321 PEG can
be functionalized with various reactive groups, such as carboxyl, amine, azide, thiol
or NHS ester, enabling easy conjugation with various biomolecules.?>* Other anti-
fouling surface coatings include dextran!*¥ and zwitterionic polymers, such as
poly(sulfobetaine) and poly(carboxybetaine).**8) Despite the effective inactivation
of the surface itself, a dense layer of affinity binders on the capture surface may also
induce nonspecific binding,**®! further complicating the elimination of nonspecific
binding.

2.6.2.3 Sample pretreatment

Various sample pretreatment methods have been developed to reduce sample matrix
related interferences. The most common pre-treatment is diluting the biological
samples with artificial buffer, which may be supplemented with suitable additives to
reduce nonspecific interactions and to favor specific binding.[?3¢ 2552561 Dilution
reduces the nonspecific binding by lowering the concentrations of interfering
molecules, but it obviously reduces the analyte concentration accordingly.[?3¢!
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Especially in nucleic acid diagnostics, DNA or RNA isolation from the sample
before analysis is common practice.”>’-2% In case of protein biomarkers, isolation
of the analyte from the sample is not as straightforward. McCutcheon et al. (2010)
eliminated matrix interference in neutralizing antibody assay using protein A/G resin
to separate immunoglobulins from serum samples before analysis. The pre-treatment
resulted in improved sensitivity and elimination of interference caused by
rheumatoid factor in rheumatoid arthritis patient samples.**) However, most
analytes cannot be easily isolated from high-abundance biomolecules. Moreover,
purifications introduce an additional step to the workflow and may induce variation
and sometimes bias to the quantification. "

Instead of isolating a specific analyte-containing fraction from the sample
material, the depletion of nonspecifically binding molecules can also be used to
reduce nonspecific binding of sample proteins to the detection surface. Giiven et al.
(2014) pretreated serum samples exhibiting elevated nonspecific binding by
incubating them on uncoated ELISA wells before the assay. The nonspecific binding
was reduced, but not completely eliminated.’” Darmanis et al. (2010) incubated
serum samples with microparticles coated with nonspecific goat IgG molecules to
deplete potentially interfering substances prior to analysis.”**!] The microparticles in
the depletion step mimicked the actual capture microparticles but were lacking the
analyte binding activity, and thus, only nonspecific binding could occur. They were
able to reach similar LoDs in 100% serum or plasma as in 10% dilutions, which
equals to 10-fold improvement in the analytical sensitivity calculated as
concentrations in undiluted sample. Similarly, Nareoja et al. (2017) removed
compounds interfering in an immunoassay for thyroid stimulating hormone (TSH)
by incubating TSH spiked serum samples in anti-PSA antibody coated microtiter
wells before analyzing them by the TSH immunoassay.’®) The pretreatment
significantly increased the serum recovery of TSH at serum quantities over 5%
compared to untreated samples.

By identifying the interfering molecules, targeted countermeasures can be
designed. Bayoumu et al. (2021) reduced matrix-related background in lateral flow
immunoassay by introducing an anti-IgM “scrub line” and dried
ethylenediaminetetraacetic acid (EDTA) to the test strips.!'3¥] As the treatment was
incorporated into the test strip, additional steps were completely avoided, which is
particularly desirable in point-of-care applications. Complement-related interference
has also been inhibited by heating the samples prior to analysis, but this is feasible
only for heat-resistant analytes.[6]
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26.24 Complex transfer assays

Complex transfer assays overcome the sensitivity limitation set by the nonspecific
binding by utilizing an elution step, which only detaches specifically bound immuno
or hybridization complexes from the first capture surface. Nonspecifically bound
molecules remain on the surface. Afterwards, the eluted complexes are transferred
to a fresh secondary capture surface for re-capture and signal measurement.

The concept was originally developed by Kohno and Ishikawa (1987) for a
serological enzyme immunoassay, where nonspecifically bound immunoglobulins
result in high background signal. In the first capture step, they used antigen-
dinitrophenyl-biotin conjugates immobilized onto an anti-dinitrophenyl IgG coated
surface. After incubation with the serum sample and washing the surface, the specific
immunocomplexes were eluted by adding excess of eN-2,4-dinitrophenyl-L-lysine,
which displaced the antigen-dinitrophenyl conjugates from the anti-dinitrophenyl
IgGs. The released complexes were re-captured onto an avidin coated surface. An
excess of detection antibody-enzyme conjugate was added in a separate step after
the complex transfer procedure, and thus, nonspecific binding of the reporter could
still occur on the detection surface. Nevertheless, they achieved approximately
10 000-fold improvement in the detection sensitivity by eliminating the background
originating from nonspecifically bound immunoglobulins and other sample
components.?®! Later, the assay concept was further improved by incubating the
sample simultaneously with the detection antibody-enzyme conjugate and antigen-
dinitrophenyl conjugate, simplifying the assay protocol and eliminating the
background signal originating from both, nonspecifically bound serum
immunoglobulins and nonspecifically bound label conjugates (Figure 6).[264]

Watanabe and Hashida (2018) developed sandwich immunocomplex transfer
enzyme immunoassays and conventional enzyme immunoassays for detection of
three cytokines. Their detailed comparison revealed, that even though 44-82% of the
nonspecifically bound reporters were released during the elution from the first
capture surface, only 0.8-4.3% of those reporters bound nonspecifically to the
second capture surface. The transfer of specifically bound immunocomplexes
resulted in 34-66% losses in specific signals, but the elimination of 96-99.6% of the
nonspecific binding by complex transfer procedure resulted in approximately 100-
fold improvement in the limits of detection.?33]
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. Schematic illustrations of conventional serological immunoassay (I-1ll) and serological

immuno complex transfer assay (1-6). In conventional immunoassays, the background
signal generated by nonspecifically bound tracer conjugates limits the sensitivity. In
complex transfer assays, the specifically bound complexes are released by addition of
eN-2,4-dinitrophenyl-L-lysine (orange) and recaptured onto a fresh capture surface,
eliminating the sensitivity limitation set by the nonspecific binding.
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Similar principle has been applied in reverse target capture hybridization assay for
detection of Listeria cells. The target sequence in cell lysate was incubated with
poly(dA)-tailed capture probes and labelled probes to form hybridization complexes,
which were captured on oligo(dT) coated magnetic beads. After washing, the
complexes were chemically eluted and recaptured on fresh oligo(dT) beads. The
cycle was repeated and the final elution was done by increasing the temperature,
followed by recapture on poly(dT) coated beads or nylon filter. The procedure
efficiently eliminated background noise and enhanced the signal to noise ratio by
6.5-7.5 orders of magnitude, enabling detection of only six Listeria cells in the
presence of 1.25 x 107 non-target cells in the sample. [

2.6.2.5 Co-localization assays

In co-localization assays, the background signal from nonspecific binding is reduced
by requiring the binding of two labels at the same location to generate specific signal.
Even though a certain proportion of labels bind nonspecifically, it is unlikely that
nonspecific binding of multiple binders occurs at the exact same location.3- 266]

Proximity ligation assays (PLA), first published by Fredriksson et al. (2002),12”]
combine signal amplification of immuno-PCR assays and background reduction
principle of co-localization assays. Two affinity binders are used for detection, each
of which is labelled with different DNA oligonucleotides serving as proximity
probes. Only simultaneous binding of both affinity binders to the same target brings
the DNA probes to close proximity. In the next step, a complementary connector
sequence hybridizes with both probes, enabling an enzymatic ligation followed by
amplification and quantification of the ligation products by qPCR. Only ligated
probes are amplified in PCR, while single proximity probes do not generate signal.
The first PLA reached low femtomolar LoDs from only 5 pL. sample volume, and
the amount of PCR amplification from nonspecifically bound reporters was
approximately three orders of magnitude lower than in immuno-PCR with the same
reagents. 7]

Due to the extremely specific signal generation, washing steps are not necessary
in PLA, unless the sample contains inhibitors of ligation or PCR amplification.[*!:
267] On the other hand, washing off the unbound reagents allows for the use of higher
concentrations of proximity probes and connector sequence, improving the ligation
efficiency without increasing target-independent ligations and may therefore further
improve the sensitivity and specificity of the assays.*2¢”) In homogeneous format,
proximity probes have to be used at low concentrations to avoid nonspecific ligations
in the absence of the target, which may limit the sensitivity of the assays especially
with low affinity binders.['%* 267261 Low probe concentrations may also result in
depletion of the probes at high analyte concentrations, limiting the dynamic range of
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the assay.!16% 2681 Additionally, heterogeneous PLA format enables the use of larger
sample volumes, and thus, detection of lower concentrations and improving the
reproducibility.3 160- 261. 2681 However, heterogeneous assay format is only possible,
if three affinity binders can bind to the target analyte simultaneously, hindering its
use for detection of small analytes. !> 2¢!]

PLA has been used in various applications, such as quantification of proteins,!
! pathogens?™” and cytokines®®! and detection and localization of interactions
between various biomolecules in vitro?’"! and in situ!*’*27*), Low femtomolar LoDs
are typically reached from less than 10 pL sample volumes.

Feng et al. (2023) overcame the requirement for three separate epitopes for
heterogeneous proximity ligation assay in their nucleic acid linked immune-
sandwich assay (NULISA), which combines the background elimination by
proximity ligation and complex transfer assays.!'’¥ In NULISA, both antibodies of
a two-site immunocomplex are conjugated with unique DNA oligonucleotides, one
of which contains an oligo-dA tail and the other one is biotinylated. The two-site
immunocomplexes are first immobilized onto an oligo-dT coated surface. After
washing, the immunocomplexes are released by adding low-salt buffer, as the
hybridization of oligo-dA tail is highly sensitive to salt concentration. The released
immunocomplexes are recaptured onto a streptavidin coated surface for detection.
Each oligonucleotide is hybridized with a complementary reporter sequence, and
upon analyte binding, the sequences are brought to proximity, enabling their ligation
and subsequent detection of the ligated sequence by either PCR or sequencing. Due
to an extremely specific signal generation and effective background elimination, the
authors reported 10 aM LoDs from 20 pL sample volume, corresponding to only 120
analyte molecules. This is already below the theoretical minimum for quantification
with less than 10% imprecision due to the limitations set by Poisson statistics.!** The
main limitation of the technology is the complexity of detection relying on PCR or
sequencing.

Some co-localization assays have been developed by labeling both, capture and
tracer binders, and by specifically counting only co-localized signals of both labels
with high resolution microscopy. The principle has been employed in both,
separation-based and separation-free formats, reaching sub-picomolar to picomolar
LoDs for proteins and small molecules®” 27#?751 and attomolar LoDs for
exosomes.?’®) By only counting the colocalized signals of capture and tracer binders,
the background from nonspecifically bound tracer binders can be almost completely
eliminated.

In typical bioaffinity assays, the capture surface is saturated with binders to
maximize the signal to background ratio,*”) making it impossible to image single
labelled capture molecules. Colocalization assays that are based on labeling both,
capture and tracer binders, require low enough surface density of capture binders to

267-
268

40



Literature Review

enable discrimination of single molecules.!’* 274275 As a result, only a fraction of the

surface contains binders and contributes to the specific signal, while most of it is not
reactive. According to Roger Ekins’s theoretical calculations related to microspot
assays (discussed in detail in section 2.6.3), reducing the amount of capture binders
by decreasing the active surface area and the field of view in the readout results in
increasing signal to background ratios.[*’! In contrast, reducing the amount of capture
binders by reducing the coating density results in decreasing signal to background
ratios, because the nonspecific binding occurs also on the nonreactive surface and is
proportional to the surface area.*”! The colocalization readout excludes the
background signal originating from nonspecific binding on the nonreactive surface,
but if the nonspecific binding occurs closer to a labeled binder than the resolution of
the microscope, it cannot be discriminated from specific binding. With low capture
binder density, most of the nonspecific binding occurs on the nonreactive surface,
where it can be easily discriminated from the specific binding. However, it is
possible that the improvement in the analytical sensitivity is mostly based on the
decreased capture surface area, as per ambient analyte theory,*” and that similar
improvement could be achieved with microspot coating even without labeling the
capture binders. Moreover, the low binder density may result in impaired analytical
sensitivity, if the affinity of the binders is not high enough.*® On the other hand,
Hariri et al. (2022) reported that labeling of the capture binders allowed for
normalization of the tracer signals to the signals of the capture antibody, thus
eliminating the signal variation originating from heterogenicity in the binder density
on the capture surface.®™ This corresponds to the ratiometric assay principle
proposed by Ekins in 1980s.12”"]

Even though co-localization assays have potential to strongly reduce background
signal, most of these methods are either complex multi-step assays or require special
instrumentation, such as high-resolution fluorescence microscopes.

2.6.3 Microspot assays

In microspot assays, the capture binders are immobilized to a small area, reducing
the total capture binder concentration in the reaction. Intuitively, this could be
expected to deteriorate assay sensitivity, as a smaller amount of analyte molecules is
detected, but Roger Ekins showed in his pioneering work with immunoassays that if
the readout is done directly from the surface and if the field of view in the readout is
reduced accordingly with the spot size, the effect is actually opposite.[*]

The signal intensity in the direct surface readout detection is determined by the
fractional occupancy of the binders in the readout area, assuming that the binder
density on the surface is kept constant. Even though increasing the capture binder
concentration increases the total amount of captured analyte molecules and labels,
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the signal intensity is decreased (Figure 7). Consequently, the high capture binder
concentration depletes the free analyte molecules from the bulk solution, reducing
the fractional occupancy at the equilibrium. According to Ekins’s ambient analyte
theory, when the capture area is so small that the capture binder concentration is
approximately 0.01/K,, less than 1% of the total analyte is bound from the bulk
solution at equilibrium. As a result, the concentration of the unbound analyte remains
almost unaffected, resulting in maximal fractional occupancy. At the same time, the
amount of nonspecific binding per surface area remains constant, and thus, reducing
the spot size decreases the number of nonspecific binding events in the spot area.
Therefore, reducing the spot size increases the signal to background ratio.!*”!

capture surface area increases

N
7

log(total signal)

Jmlmlﬂﬂnm

0.001/K,0.01/K, 0.1/K, 1/K, 10/K, 100/K, 1000/K,
Total capture molecule concentration

Figure 7. The effect of capture surface area on the specific signal intensity (specific signal per
surface area) and total signal with the same analyte concentration and same surface
density of capture molecules. Even though the increasing capture surface area
increases the total signal, the signal intensity decreases. Reducing the surface area
increases the signal intensity until it reaches a constant level at capture molecule
concentration of <0.1/K,. Reprinted from Drug Discovery Today, Vol 7, Issue 15,
Templin, et al. Protein microarray technology, Copyright (2002), with permission from
Elsevier.

log(signal / area)

42



Literature Review

The incubation times in bioaffinity assays are usually not long enough to reach
equilibrium. Even though reducing the binder concentration decreases the absolute
binding velocity (i.e. the number of analyte molecules bound per unit time),
microspot assays have a kinetical benefit that the depletion of the analyte molecules
from the reaction volume does not slow down the binding velocity over time, and
the binding occurs at maximal velocity during the whole incubation.[*?! Thus, the
fractional occupancy and signal intensity of a microspot assay are higher at any time
point compared to a corresponding assay with larger capture surface area, although
reaching the maximal signal takes longer in case of microspot assays.3 4%

Microspot coating is particularly attractive for multiplexed assay designs, as it
enables detection of large amounts of analytes from the same sample without
compromising the analytical sensitivity.*”) Numerous different binders can be coated
as an array of discrete spots, and spatial resolution avoids the need for separate labels
for each analyte. The development of microarray technology was driven by the need
for high throughput DNA and RNA analysis methods, but it was soon followed by
the development of various protein microarrays. The main challenge limiting the
wide adoption of protein microarrays is the reproducibility of the binder spots, and
special instrumentation as well as the requirement of highly controlled and optimized
printing conditions to produce high quality microarrays.l?’82"1 Tobos et al. (2020)
developed a customizable antibody array by spotting anti-peptide antibodies onto a
solid-phase surface.*”” By labelling the analyte specific capture antibodies with
unique peptides, custom microspot arrays can be developed in a reproducible way
without optimization of the spotting for each capture binder.

Even when ambient analyte conditions are not fulfilled, the signal to background
ratio can be increased by reducing the capture surface area, especially by eliminating
the binding sites that are outside the field of view in the readout, such as on the walls
of microtiter plates.”®®! For example, Ylikotila et al. (2005) used special microtiter
wells with molded macrospot areas on the bottoms of the wells, avoiding the need
for special spotting instrument. They reported 4-8-fold increases in signal intensities
of TSH immunoassay with 4.9 mm? capture surface area compared to a conventional
coating of the entire wells (200 puL coating volume, corresponding to approximately
1.5 cm? capture surface area).”!! Later, they did a similar study with c¢Tnl
immunoassay and reported 2-fold increase in signal intensity by replacing
conventional coating (50 pL coating volume, corresponding to approximately
70 mm? capture surface area) by spot coating with 3.5 mm diameter (10 mm? capture
surface area).l®”! Furthermore, they demonstrated that also with spots too large to
fulfil ambient analyte conditions, the signal intensities still increased more rapidly
than with larger surface area. In both studies, using site-specifically biotinylated Fab
fragments instead of mAbs further improved the signal intensities.[”- 28!
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264 Readout modes

In conventional, analogue readout, the signal is measured by integrating the average
signal generated by the labels on a relatively large surface area or volume. To
generate signal that is detectable in such measurement, a large number of labels need
to be measured. For example in typical ELISA, where the fluorescent products of the
enzyme reaction diffuse into a few hundred microliter volume, hundreds of
thousands of enzymes are needed to generate signal above the background.”! In
contrast, digital readout is based on counting of individual molecules by using high
sensitivity microscopes for the readout, together with high specific activity labels
that enable detection of single labels.[ 4%

The most widely used digital bioaffinity assay technology is Simoa, which was
developed by Rissin et al. (2010)") and commercialized by Quanterix company. It is
a digital ELISA platform based on the capture of single analyte molecules on a high
excess of magnetic capture beads, typically around 100 000—500 000 per reaction,
resulting in either 1 or 0 immunocomplexes per bead.- 33! After forming the
immunocomplexes and washing the unbound reagents, the beads are isolated into
femtoliter array wells for the enzyme reaction and readout. Only one bead can fit in
one well, and thus, each well contains either 1 or 0 enzyme labels. Due to the small
volume, diffusion of the fluorescent reaction products does not limit the detectability
of the enzyme labels, enabling the detection of single enzyme molecules. Thus, the
beads can be classified into positive and negative outcomes.!”’ (Figure 8) The
quantification is done based on the proportion of positive beads and Poisson
statistics.l”- 31! The technology provides 100-1000-fold improvements in analytical
sensitivity over conventional ELISA, enabling detection of subfemtomolar protein
concentrations in biological sample matrices.!”-!!

The sensitivity of Simoa is limited by Poisson noise-associated coefficient of
variation, VN/N, where N represents the number of detectable events. Poisson noise
increases strongly with decreasing number of events, and therefore, high enough
value for N is needed for reliable quantification. Even though hundreds of thousands
of beads are used for capturing the immunocomplexes in Simoa, only 5-10% of
those beads are loaded into the femtoliter array and subsequently analysed in the
readout.* 2821 The low sampling efficiency in bead loading limits the quantification
of extremely low abundance analytes, and the full potential of the digital detection
technology is not exploited."* 2%¥) The sampling efficiency has been improved by
isolating the beads into water-in-oil droplets instead of array wells, avoiding the
limitation imposed by the limited number of wells in an array.?®*! Alternatively, the
need for isolating beads to small volumes can be completely avoided by using rolling
circle amplification for nondiffusible on-bead signal generation.'> 284 Both
approaches have reached up to 25-fold improvement in analytical sensitivity
compared to Simoa, due to the improved sampling efficiency as well as reduced
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number of beads in the reaction resulting in higher signal-to-background ratios.?**-
284]
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Figure 8. Schematic illustration of Simoa assay platform. a) a large number of capture antibody
coated magnetic beads are incubated with the sample, biotinylated tracer antibodies
and streptavidin-B-galactosidase conjugates to form single immunocomplexes on
beads. b) The beads are loaded onto femtoliter-volume well arrays to isolate one bead
per well. After the addition of enzyme substrate, the wells are sealed and fluorescence
of the reaction product is imaged. Reproduced with permission from Rissin et al.
(2010).I Copyright 2010 Springer Nature

Digital ELISA employs enzyme labels, which require separate signal amplification
step. With intrinsically luminescent high specific activity labels, such as UCNPs,
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digital readout can be done directly from the capture surface without signal
amplification, enabling single molecule counting in conventional microtiter plate
assay format. Digital readout has typically improved the LoD by approximately an
order of magnitude compared to a similar assay with analogue readout.[!3% 285-286]

The typical improvement factors achieved by switching from analogue to digital
readout are much higher in ELISAs compared to UCNP-based assays, due to the
higher detectability of UCNPs enabling more sensitive detection even with analogue
readout. Digital readout can be considered an extremely sensitive method for
detecting the label, but it does not automatically improve the analytical sensitivity of
the assays, either, if the LoD is limited by other factors than the detectability of the
label. For example, Schroder et al. (2017) achieved no improvement in the sensitivity
of immuno-PCR by switching to digital readout mode, due to the nonspecific binding
of tracer antibodies resulting in PCR amplification in the absence of the analyte.**!
Similarly, Brandmeier et al. (2021) reached approximately the same LoD for
detection of ¢Tnl with both, analogue and digital readout of UCNP labels, as the
LoD was limited by the nonspecific binding, that is detectable with both readout
modes.?!

It is also important to understand that digital readout is not equal to directly
counting the analyte molecules in the sample, and calibration is always required to
convert the number of detectable events into analyte concentration.'** 287 In Simoa
optimized for lowest possible LoD, only a fraction of analyte molecules is labelled
and subsequently detected.>®) However, the ability to detect the label with ultimate
sensitivity allows for controlling the background signal by using minimal
concentrations of labelling reagents and shorter incubation times, resulting in
improved signal to background ratio and thus, better sensitivity.!>* Furthermore, the
binary classification into negative and positive outcomes can be used to improve the
quantification precision in assays based on exponential amplification!?*> 2% and to
eliminate variation originating from heterogenicity of the label, such as aggregation
of nanoparticle labels.?!)

46



3 Aims of the Study

The aim of this study was to evaluate different methods to improve the analytical
sensitivity of bioaffinity assays using UCNPs as reporters, focusing in particular on
reducing the nonspecific binding of UCNP reporter conjugates.

The main objectives were:

I.  To identify the main components in human plasma inducing matrix
related nonspecific binding of PAA-coated UCNP antibody conjugates
in immunoassays and to develop countermeasures to prevent the
nonspecific interactions.

II. To develop a simple, direct hybridization assay for ultrasensitive
amplification-free detection of short nucleic acid biomarkers from
human plasma and to study the effect of base stacking interactions
introduced by hairpin-structured probes on the assay performance.

HI. To develop a hybridization complex transfer assay to eliminate
background signal originating from nonspecifically bound label
conjugates in hybridization assays.
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4 Materials and Methods

A brief summary of the materials and methods is presented in this section. More
detailed descriptions are provided in the original publications.

4.1 UCNP synthesis and surface modification

Oleic acid capped UCNPs (NaYFi: 17% Yb*", 3% Er*") with an average diameter of
approximately 25 nm were synthesized by high temperature co-precipitation
synthesis in organic oils.[**”! In the original publication I, the oleic acid was removed
by HCI wash??! and in the original publications II and III, by ligand exchange with
BF4.1*Y Subsequently, the UCNPs were coated with poly(acrylic acid) (PAA, MW
2000, Sigma-Aldrich, USA) in order to obtain hydrophilic surface and to introduce
carboxyl groups for conjugation with biomolecules. In the original publication I,
PAA coating was done by incubating the UCNPs in 2.5% (w/v) aqueous PAA
solution (pH 9) overnight under 1200 rpm shaking at room temperature. In the
original publications II and III, PAA coating was done by incubating the UCNPs
(16.7 mg/mL) overnight at 60 °C under 1400 rpm shaking in 3.8% (w/v) PAA in
DMF containing 270 mM 1,8-diazabicyclo(5.4.0)undec-7-ene.

In order to conjugate the PAA coated UCNPs with antibodies or amino modified
synthetic DNA probes, the free carboxyl groups of PAA were activated to react with
primary amino groups by using standard carbodiimide chemistry:

In the original publication I, the carboxyl groups on the PAA coated UCNPs
were activated with 20 mM N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
(EDC) and 30 mM N-hydroxysulfosuccinimide (sulfo-NHS) in 20 mM sodium 2-
(N-morpholino)ethanesulfonate (MES) buffer (pH 6.1) for 45 min. After washing,
the UCNPs were incubated with anti-cTnl mAb 625 (HyTest, Finland, 0.083 mg
mAb per 2 mg UCNPs) in MES buffer.[**!! The reactions were stopped by adding
2 M 2-amino-N,N-dimethylacetamide (pH 11) to a final concentration of 50 mM.

In the original publications II and III, the PAA coated UCNPs were conjugated
with amino modified DNA probes. As DNA does not contain carboxyl groups, the
EDC/sulfo-NHS activation and DNA conjugation could be done in one step:
10 mg/mL of PAA coated UCNPs were incubated with 20 mM EDC, 30 mM sulfo-
NHS and 80 uM amino modified DNA probes in 20 mM MES buffer (pH 6.5) for
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2.5 h. The reaction was stopped by adding 50 mM 2-amino-N,N-dimethylacetamide
from 2 M solution (pH 11).
The conjugates were washed four times by centrifugation and stored at +4 °C.

4.2 Bioaffinity assays

4.21 Immunoassays

Heterogeneous ¢Tnl immunoassays in the original publication I were carried out as
described previously.” In-house streptavidin coated microtiter plate™™? was
prewashed before starting the assay and biotinylated capture antibodies (150 ng of
mAb 19C7 and 50 ng of FAb 9707 per well) were added in 50 pL of assay buffer
(Uniogen Oy, Finland) and incubated for 30 min under slow shaking. The wells were
washed once and 10 pL of each sample was added with 40 puL of Tris buffer (50 mM
Tris-HCI, pH 7.75, 9 g/L NacCl, 0.5 g/L NaN3). After 30 min incubation, the wells
were washed once and 200 ng of UCNP-mAb-625 conjugates were added in 50 pL
of assay buffer supplemented with 0.2% (w/v) milk powder, 0.8 mg/mL native
mouse IgG and 0.05 mg/mL denatured mouse IgG. The plates were incubated for
30 min under slow shaking, followed by four-fold washing. The plates were let dry
at room temperature for at least 45 min before the readout.

422 Hybridization assays

In the original publications Il and III, a synthetic DNA oligonucleotide
corresponding to the miRNA sequence miR-20a was used as a model analyte in the
assay development to avoid possible stability issues related to RNA. The
oligonucleotide sequences and modifications are listed in Table 1.
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Table 1.  Oligonucleotide sequences and modifications used in this work.
Category Name Sequence (5’'—3’)? Modifications Original
publication
Probes Hairpin capture TAT AAG CAC TTT AGG | T* = biotin dT IM&

probe AGA CGT CCA TAT*
GTAGGA CGT CTC C

Linear capture TAT AAG CAC TTT AGG | 3'-biotin-TEG Il

probe AGA CGT CCA TAT

Complex transfer | TAT AAG CAC TTT AAG | 3’-biotin-TEG ]

first capture probe |ACG TCC ATATGC T

Hairpin tracer CTC GTG ACC GTA T*=amino C6 dT |1l &Il

probe GT*T ACC GGT CAC
GAG CTACCTGCAC

Linear tracer probe | TTA CCG GTC ACG 5’-aminolink-C6 ]
AGC TAC CTG CAC

Releasing GGA CAT ATG GAC none ]

oligonucleotide GTC TTAAAG TGC

Targets DNA-miR-20a TAA AGT GCT TAT AGT |none &Il

(complementary) | GCA GGT AG

DNA-miR-20b-5p | CAA AGT GCT CAT AGT | none IM& 1

(2 mismatches) GCA GGT AG

1 mismatch TAA AGT GCT TAT ATT |none IM& 1
GCA GGT AG

3 mismatches CAA AGT GCT CAT ATT |[none &l
GCA GGT AG

2 Underlined nucleotides represent mismatches. * Internal modification (TEG = triethylene glycol).

In the original publication II, the direct hybridization assays were started by
diluting the UCNP-DNA-probe conjugates to a concentration of 5 pg/mL into assay
buffer (Uniogen Oy) supplemented with 2.25 M NaCl and 5 mM KF. The UCNP
conjugate dilution was mixed with the samples or calibrators in 20:80 volume ratio.
The hybridization reactions were incubated for 2 h 45 min under 1200 rpm shaking.
Meanwhile, streptavidin coated microtiter plate (KaiSA Lockwell White) was
prewashed with the wash buffer (Uniogen Oy) and capture probes with biotin
modification were immobilized to the wells by adding 1.25 pmol of probes in 25 uLL
of assay buffer supplemented with 5% ethanol and incubating the plate for 30 min at
room temperature without mixing to generate active capture surface only at the
bottoms of the wells. The wells were washed once and 150 uLL of pre-incubated
hybridization reaction mixtures were added to the wells (corresponding to 30 pL of
UCNP dilution and 120 pL of sample or calibrator). The reactions were incubated
for 1 h under slow shaking, followed by four-fold wash with modified wash buffer
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(wash buffer supplemented with 300 mM NaCl, 0.1% (w/v) Tween 20 and 1 mM
KF). The plates were dried at room temperature for at least 45 min before the
readout.

The hybridization complex transfer assay principle, developed in the original
publication IIl, is illustrated in Figure 9. The assays were started by diluting the
UCNP-DNA-probe conjugates to a concentration of 75 pg/mL into the assay buffer
supplemented with 3.45 M NaCl and 5 mM KF and mixing with the samples or
calibrators in 20:80 volume ratio. UCNP-target complexes were formed by
incubating the reactions for 30 min at room temperature under slow rotation. (Figure
91)

In the first capture step, the complexes were captured either onto streptavidin
coated microtiter plates or streptavidin coated magnetic beads, with the first capture
probes immobilized on their surface via biotin modification. In case of microtiter
plates, the probes were immobilized by adding 150 uL of 50 nM probe dilution in
the assay buffer into each well and incubating the plate at room temperature under
slow shaking for 30 min. The wells were washed once to remove unbound probes
and 150 puL of hybridization reaction mixtures were added and incubated for 1 h
under slow shaking to capture the UCNP-target complexes. The wells were washed
four times with the modified wash buffer. In case of magnetic beads, the streptavidin
coated beads were pre-washed twice and the capture probes were immobilized by
incubating 1 mg/mL of beads with 100 nM capture probes in the assay buffer for 1 h
under 1200 rpm shaking. The beads were washed three times and mixed with the
hybridization reaction mixtures to a final concentration of 0.17 mg/mL. The UCNP-
target complexes were captured by incubating the reactions for 1h at room
temperature under 1200 rpm shaking. (Figure 9 II) The beads were washed four
times with the modified wash buffer.

The specifically bound UCNP-target complexes were released by adding
releasing oligonucleotides (Figure 9 III) that hybridize with the capture probes
displacing the target via toehold mediated strand displacement reaction (Figure 9
IV). In case of microtiter plates as the first capture surface, 5 pmol of the releasing
oligonucleotides were added to the wells in 150 pL of elution buffer (assay buffer
supplemented with 0.85 M NaCl and 1 mM KF) and incubated at room temperature
under slow shaking for 45 min. In the magnetic bead-based assay, 0.1 nmol of
releasing oligonucleotides per 1 mg of magnetic beads were added in 40 uL elution
buffer per reaction and incubated at room temperature under 1200 rpm shaking for
30 min.

The second capture step was done on microtiter plate wells, coated with second
capture probes as described for the direct hybridization assay in the original
publication II, with the exception that in-house streptavidin coated microtiter
plates!®?! were used instead of commercial streptavidin coated microtiter plates.
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When the first capture step was carried out in microtiter plate wells, 140 pL of eluted
solutions were transferred to the second capture wells and incubated for 90 min at
room temperature under slow shaking. When the first capture step was done on
magnetic beads, 40 puL of the eluted solutions were transferred to the second capture
wells (Figure 9 V) and incubated at room temperature under slow shaking for 30 min
to recapture the complexes by the second capture probes. The wells were washed
four times with the modified wash buffer and let dry for at least 45 min before the
readout. (Figure 9 VI)

In the reference assay, the complexes formed in the first step were added directly
to wells with the second capture probes immobilized on the bottom surface. The
complexes were captured by incubating 150 pL of hybridization reaction mixtures
per well under slow shaking for 1 h. (Figure 9 R) The wells were washed and dried
as described for the complex transfer assay prior to the readout.
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Figure 9. Principle of the hybridization complex transfer assay utilizing magnetic beads as the first

capture surface. (I) The sample is mixed with the UCNP—-DNA probe conjugates to form
target-UCNP complexes. (ll) The complexes are captured with DNA probes
immobilized on the surface of magnetic beadss. (Ill) The beads are washed, and
releasing oligonucleotides are added. Releasing oligonucleotides hybridize with the
capture probes, displacing the target via toehold-mediated strand displacement. (1V)
Target-UCNP complexes are released into the solution, and (V) the solution is
transferred into microtiter plate wells coated with another capture probe. (VI) The target—
UCNP complexes are collected with the capture probes, the wells are washed and dried,
and UCL is measured. In the reference assay (R), the complexes formed in the step (1)
are directly captured onto wells coated with the second capture probes. Figure
reproduced from original publication III.
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4.2.3 Upconversion luminescence readout

In all assays, the upconversion luminescence at 540 nm was measured from the
bottoms of the wells upon 980 nm laser excitation using a modified!'> Chameleon
plate reader (Hidex, Finland). A 3 x 3 -point raster with 2-second readouts and a
point-to-point distance of 1.5 mm was measured from each well and an average of
the 9 measurement points was calculated.

4.2.4 Assay evaluation

The standard curves were fitted with a logistic function using Origin 2016:
UCLmin—UCLmax

1+(sts,)

where UCL represents upconversion luminescence, UCLmax and UCLyin represent
the maximum and minimum UCL values of the sigmoidal curve, c is the analyte
concentration, ECsp is the half maximal effective concentration and s is the slope at
the inflection point of the curve. The LoDs were calculated from the standard curve
equations as the analyte concentration corresponding to the signal response
equivalent to three times the standard deviation of the zero calibrator:

UCLyop = UCLy + 3 X SD, (8)

UCL = UCLyax + (7

where UCLLop is the signal response at LoD and UCL, and SDy represent the signal
response and standard deviation of the zero calibrator, respectively.

In order to calculate recovery percentages, known concentrations of the analyte
were spiked into pooled plasma samples. The spiked and unspiked plasma samples
were analysed with the assay, their concentrations were calculated from the
calibration curve and the recovery percentage was calculated:

Cspiked plasma—Cunspiked plasma (9)
Cadded

recovery =

where Cgpiked plasma and Cunspiked plasma Te€present the concentrations of spiked and
unspiked plasma, calculated from the calibration curve based on their respective
signal responses, and Cadded 1 the concentration of the analyte that was spiked to the
plasma.

4.3 Identification of plasma components related to
nonspecific binding of UCNP conjugates

In the original publication I, lithium heparin plasma was collected from 10
apparently healthy individuals in compliance with the declaration of Helsinki and
pooled. In order to isolate the components associated with the nonspecific binding
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of PAA-coated UCNP antibody conjugates in heterogeneous immunoassays, the
plasma pool was consecutively fractionated by ammonium sulphate precipitation,
gel filtration chromatography and anion exchange chromatography. After each
separation step, the fractions were analysed with cTnl immunoassay to identify the
fractions exhibiting highest nonspecific binding of UCNP conjugates. The protein
concentrations of the fractions were determined based on the absorbance at 280 nm.
The fractions associated with highest level of nonspecific binding were pooled and
further fractionated in the next purification step.

After the anion exchange chromatography, the proteins of the fractions
associated with elevated nonspecific binding were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The samples were mixed
with either Laemmli sample buffer or Laemmli sample buffer containing 5% f-
mercaptoethanol (Bio-Rad, USA), denatured at 95 °C for 5 min and added to the
wells of Mini-PROTEAN® TGX Precast gel (Bio-Rad) in 30 pL volume. The
electrophoresis was run in TGS buffer (25 mM Tris-HCI, pH 8.3, 192 mM glycine,
0.1% SDS) under a constant voltage of 100 V for 90 min. The gel was stained for
1 h with Coomassie Blue staining solution (0.1% Coomassie Blue R250, 30%
methanol, 5% acetic acid) and destained with 30% methanol and 5% acetic acid. The
proteins in the lanes were identified using LC-ESI-MS/MS. Mass spectrometry
analysis was purchased from the Turku Proteomics Facility, University of Turku and
Abo Akademi University.
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5 Summary of Results and
Discussion

5.1 C1qg-associated nonspecific binding of UCNP
conjugates

In the original publication I, the plasma components associated with the nonspecific
binding of PAA-coated UCNP antibody conjugates were first isolated by
fractionating the plasma pool by various sequential purification methods. After each
step, the fractions exhibiting the highest nonspecific binding were identified in
heterogeneous cTnl immunoassay and pooled for the next purification step. The last
chromatography step, anion exchange chromatography, resulted in three peaks of
elevated background signal in cTnl immunoassay (Figure 10, red). The fractions
exhibiting the highest nonspecific binding were eluted at the beginning (fractions
10-16) and contained only a small proportion of the total protein concentration,
suggesting that a small, positively charged fraction of the total protein induces a
major part of the nonspecific binding and that the plasma fractions associated with
the nonspecific binding were succesfully enriched. Fractions 11, 21 and 26 were
chosen for mass spectrometry anaysis. The mass spectrometry revealed that the
fractions contained various complement proteins and immunoglobulins and that
subunits of complement component C1q were present in all of them.

In order to induce nonspecific binding in heterogeneous 2-step immunoassay,
the interfering plasma components need to bind to the capture surface and remain
bound during the washes. To study whether Clq actually binds to the solid phase
surface, DELFIA method was used. Polyclonal anti-C1q antibodies labelled with
Tb**-N1 chelates were added to the assay wells after incubation with the anion
exchange fractions. A similar analysis was done with Tb**-N1-labelled polyclonal
anti-IgM antibodies, because the fractions contained various immunoglobulin
subunits and IgM has previously been associated with interferences in
immunoassays.['*% 21 By using molecular labels, the false results related to the
nonspecific binding of UCNPs could be avoided. The anti-C1q antibody generated
high fluorescence signal especially in the fractions 10-13, which were also
associated with highest nonspecific binding of UCNP conjugates (Figure 10, blue).
The anti-C1q antibody generated lower but clearly distinguishable fluorescence
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signals in the second and third peak of nonspecific binding. The binding of anti-IgM
antibodies was mainly associated with the second peak of nonspecific binding
(Figure 10, orange).
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Figure 10. The nonspecific binding of UCNP-PAA antibody conjugates in (red), the binding of Tb-
labelled anti-C1q antibodies (blue) and Tb-labelled anti-IgM antibodies (orange) onto
anti-cTnl antibody coated microtiter wells after incubation with anion exchange fractions.
The solid line shows theh proportion of total protein in each fraction, determined based
on the absorbance at 280 nm. The dashed line represents the nonspecific binding of
UCNP-antibody conjugates after incubation of buffer-based zero calibrator.

The binding of C1q to antibody coated surfaces has been previously reported to cause
interference in immunoassays.[3! The six globular heads of C1q each have binding
sites for IgG as well as several other targets,!*¥ and the high density of antibodies
on the immunoassay capture surfaces may enhance the binding of C1q through high
avidity. Furthermore, Clq is one of the most positively charged proteins in
plasma,?>>! which may induce electrostatic interactions with negatively charged
PAA-coated UCNPs.

The addition of 100, 300 or 500 mM NaCl or 50 U/mL heparin to the assay
buffer in the sample incubtion step almost completely hindered the nonspecific
binding of UCNP conjugates, as well as the binding of labelled anti-C1q antibodies
(Figure 11). Both, salt and heparin, can prevent electrostatic interactions by masking
the opposite charges. The similar effect of the additions on both, the detection of C1q
and the nonspecific binding of UCNPs, supports the hypothesis that the nonspecific
binding is C1q mediated and occurs mainly via electrostatic interactions.
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Figure 11. The effect of NaCl and heparin on the nonspecific binding of UCNP-PAA antibody
conjugates (red) and on the binding of Tb-labelled anti-C1q antibodies (blue). The
additions were made to the assay buffer (containing 150 mM NaCl) in the sample
incubation step. The error bars represent standard deviations of three replicate
measurements and the dashed line shows the nonspecific binding of UCNP-PAA
antibody conjugates after incubation of buffer-based zero calibrator.

5.2 Hybridization assays

5.2.1 The effect of probe structure on hybridization
efficiency and analytical sensitivity

In the original publication II, hairpin structured DNA probes employing base
stacking to stabilize hybridization with the short target sequence were compared with
corresponding linear probes in a direct hybridization assay. A synthetic DNA
oligonucleotide corresponding to the sequence of miR-20a (DNA-miR-20a, 23
nucleotides) was used as a model analyte.

The effect of probe structure on hybridization efficiency was first studied by
comparing the signal response in a salt concentration range from 150 mM to
840 mM. The assay was done with 40% calibrators and 60% UCNP dilutions in the
total reaction volume. The specific signal response increased with the increasing salt
concentration, the difference being largest between 150 mM and 300 mM NaCl
(Figure 12). With hairpin structured capture and tracer probes, the specific signals
were 1.8-5.2-fold higher than with linear probes in the tested salt concentration
range. The results are in agreement with a study by Riccelli et al. (2001), which

58



Summary of Results and Discussion

showed that capturing the target by hairpin structured probes results in
thermodynamically more stable duplexes than capture with linear probes.[*®!

Interestingly, the background signals generated by nonspecifically bound UCNP
conjugates were 1.9-16-fold higher with linear probes compared to the hairpin
structured probes. Increasing the salt concentration from 150 mM to 300 mM
reduced the nonspecific binding of both tracer probe conjugates, but at
concentrations above 450 mM, the background signal remained approximately
constant or increased.
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Figure 12. The effect of NaCl concentration on A) the specific signal response with 5 pM target
analyte concentration and B) the nonspecific binding of UCNP-DNA probe conjugates
with hairpin-structured (black) and linear (red) capture and tracer probes. The target
dilutions and UCNPs in the assay buffer were mixed in 40:60 volume ratio and the NaCl
concentrations refer to the concentration in the final reaction mixture. The error bars
represent the standard deviations of three replicate measurements.

To evaluate the effect of probe structure on the assay performance, each calibrator
was analysed with both probe pairs in three replicates, except for the zero calibrators,
which were analysed in eight replicates. The assay was done with 80% calibrators
and 20% UCNPs in the total reaction volume and with 600 mM NaCl in the final
reaction mixture. A logistic regression was used for fitting the calibration curves.
Analytical sensitivities were calculated from the calibration curves as the
concentration corresponding to the signal equivalent to 3 x standard deviation of the
zero calibrator. The assay with hairpin structured probes reached an LoD of 0.73 M,
which was approximately 18 times lower than the LoD of 13 fM reached with the
linear probes (Figure 13). The difference was mainly caused by the 91% lower level
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of nonspecific binding with the hairpin structured probes compared to the linear
probes, but the hairpin structured probes also generated approximately 30% higher
signal responses compared to the linear probes. The analytical sensitivities of
enzyme-free miRNA assays are typically at picomolar level.” Reaching
femtomolar detection limits without any target amplification demonstrates the
significant potential of UCNPs as reporters in ultrasensitive biomarker detection.

To study the suitability of the assay for the measurement of the target analyte in
real sample matrices, the plasma recovery percentages were determined. EDTA
plasma pool aliquots were spiked with 0, 0.05, 0.5, 5 and 50 pM target analyte and
analysed with the assay using hairpin-structured probes. The analysis resulted in
111 %, 93 %, 89% and 76 % recoveries, respectively. The circulating miR-20a
concentrations have been reported to be at picomolar level,”®® and therefore, the
results indicate the suitability of the assay for measurement of miR-20a in blood.
Moreover, by changing the probe sequences, the assay can be adapted for other target
sequences and it is readily suitable for spatial multiplexing.
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Figure 13. The standard curves of the direct hybridization assays using linear (red) and hairpin-
structured (black) capture and tracer probes and the plasma recoveries of the assay
with hairpin-structured probes. The error bars represent standard deviations of replicate
measurements and the dashed lines indicate the LoDs calculated as the concentrations
corresponding to the signal equivalent to 3 x standard deviation of the zero calibrator.
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5.2.2 The effect hybridization complex transfer on analytical
sensitivity and cross-reactivity

In the original publication III, a novel hybridization complex transfer method was
developed to eliminate the sensitivity limitation set by the nonspecific binding of
UCNP reporters on the detection surface and thus, to improve the analytical
sensitivity. As in the original publication II, DNA-miR-20a was used as a model
analyte in the assay development to demonstrate the potential of the assay. The assay
principle is based on the immune complex transfer assays, originally published by
Kohno et al. (1987),2%3] and it contains two target specific capture steps on two
separate solid-phase surfaces. After the first capture step and washing, the
specifically bound UCNP-target complexes are released by adding releasing
oligonucleotides that hybridize with the capture probes and displace the target
sequence via toehold mediated strand displacement. The nonspecifically bound
UCNP reporters are not released. After the release, the solutions are transferred to
microtiter plate wells coated with second capture probes to recapture the released
target-UCNP complexes. Since the nonspecific binding occurred on the first capture
surface and is not transferred to the second capture surface, the background signal
originating from the nonspecific binding is completely excluded from the final
readout. By using microtiter plates as solid phases in both capture steps, the complex
transfer procedure improved the analytical sensitivity by a factor of 9 compared to a
reference assay, where the complexes were directly captured onto the second capture
surface without complex transfer. (Figure 14 A)

The performance of the complex transfer assay was further improved by using
magnetic beads instead of microtiter plate wells as the first capture surface. Magnetic
beads act as a more dynamic solid phase compared to microtiter plate wells,
improving the binding kinetics by reducing the diffusion distances. Additionally,
they enable increasing the capture probe concentration in the reaction, which can be
used to further increase the reaction rate. Typically, increasing the capture surface
area results in increased nonspecific binding.[** 353 In the complex transfer assay,
the nonspecific binding occurs on the first capture surface and is not transferred to
the second capture surface, and therefore, the increased capture surface area does not
increase the background signal in the readout.

The performance of the complex transfer with magnetic beads as the first capture
surface was first demonstrated by using the same sample volumes as in the microtiter
plate-based assay, 120 uL per well. The assay reached an LoD of 0.31 fM in assay
buffer and 0.19 fM in EDTA plasma, which were 27- and 21-fold improvements
compared to the reference assays without complex transfer. (Figure 14 B-C) The
slightly lower LoD in plasma suggests that plasma components do not interfere with
the complex transfer procedure and indicates that the assay principle is suitable for
sensitive detection directly from biological matrices.
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Another benefit of magnetic beads is that they can be used to preconcentrate
analyte molecules by using larger sample volume in the first capture step and by
doing the strand displacement reaction in significantly smaller volume, enabling
detection of lower concentrations. By increasing the sample volume 5-fold, to
600 uL, the LoD was reduced by a factor of 6.7, resulting in an LoD of 46 aM.
(Figure 14 D)

The analytical sensitivity values reached with the hybridization complex transfer
assay correspond to 14 000-22 000 analyte molecules in the respective sample
volumes, which is still 2 orders of magnitude above the theoretical limit set by the
Poisson statistics.[*] The analytical sensitivity was limited by the detectability of the
label together with the instrument background. Therefore, it can be expected that the
LoDs could be further reduced by improving the detectability of the label, for
example by using brighter or larger UCNPs, or by digital readout, which enables
detection of lower number of UCNP reporters bound to the solid-phase surface. On
the other hand, one of the advantages of the presented method is that there is no need
for special instrumentation, such as sensitive, high-resolution imaging systems.

Even though the complex transfer procedure introduces additional steps to the
assay protocol, the total assay time was approximately the same, while 16 times
lower concentrations could be detected. The total elimination of nonspecific binding
by the complex transfer enabled using 15-fold higher concentration of UCNP
conjugates compared to the optimal UCNP concentration in the direct hybridization
assay in the original publication II, which should, in theory, improve the kinetics in
the complex formation step. Without the complex transfer steps, the higher label
concentration would result in elevated nonspecific binding on the detection surface,
limiting the analytical sensitivity. Additionally, using magnetic beads as the first
capture step improves the capture kinetics, and increasing the bead concentration can
be expected to further speed up the first capture step. Using a smaller volume in the
strand displacement step and the subsequent recapture step (40 uL/well) reduced the
diffusion distances in the second capture step, enabling shorter incubation times on
the microtiter plate compared to the direct assay, where the reactions were carried
out in a volume of 150 pL/well.
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Figure 14. The calibration curves of hybridization complex transfer assays (red) and reference

assays, where the UCNP-target complexes were directly captured onto the 2nd capure
surfaces without the complex transfer (blue) with A) microtiter plate as the solid phase
in both capture steps and target DNA in 120 uL of buffer per well B) magnetic beads as
the solid phase in the first capture step and target DNA in 120 pL of buffer per reaction
C) magnetic beads as the solid phase in the first capture step and target DNA in 120 pL
of EDTA plasma pool per reaction D) magnetic beads as the solid phase in the first
capture step and target DNA in 600 pL of buffer per reaction. The error bars represent
the standard deviations of replicate measurements and the dotted lines show the
instrument background. The dashed lines indicate the LoDs calculated as the
concentrations corresponding to the signal equivalent to 3 x standard deviation of the

zero calibrator.
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The specificity of the complex transfer assay was studied by analysing 0.5 pM
dilutions of synthetic DNA oligonucleotides containing minor variations to the
complementary target sequence. The same dilutions were also analysed with the
reference assay. In the complex transfer assay, the sequences containing one or two
mismatches generated 1.8% and 0.4% of the signal response of the fully
complementary target sequence, respectively. In the reference assay, the same
sequences generated 19% and 2.6% of the signal response of the complementary
target sequence (Figure 15). The improved sequence specificity can be explained by
the additional target specific step in the complex transfer assay: in order to generate
signal in the complex transfer assay, the sequence needs to hybridize with the tracer
probe, as well as both, first and second capture probes. In the reference assay, cross-
reactivity with the tracer probe and the capture probe is enough. The better
discrimination between highly homologous sequences is essential for example in
miRNA diagnostics, because some miRNAs differ only by single a nucleotide.
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Figure 15. The cross-reactivity of the direct hybridization complex transfer assay with magnetic
beads as the first capture surface (blue) and the reference assay without complex
transfer (red). The luminescence signal responses of the non-target sequences were
divided by the luminescence signals responses of the fully complementary target
sequence. The target and non-target sequences were analysed at 0.5 pM concentration
in both assays. The error bars represent the standard deviations of three replicate
measurements.
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5] Conclusions

The analytical sensitivity of bioaffinity assays is dependent on the specific signal
response resulting from the recognition of the analyte as well as the variation in the
background signal generated in the absence of the analyte. In heterogeneous
bioaffinity assays using highly detectable labels, such as UCNPs, the background
signal generated by nonspecific binding of label conjugates on the solid-phase
surface is typically the major obstacle limiting the analytical sensitivity. Even though
nonspecific binding can be reduced by optimizing reagents and assay conditions, it
has proven difficult to control and separate optimizations may be required for each
assay. Novel methods to further improve the discrimination of specific and
nonspecific binding are needed to reach ultrasensitivity that is necessary for the
detection of extremely low-abundance biomarkers.

This doctoral research focused on eliminating the nonspecific binding of UCNP
label conjugates in heterogencous bioaffinity assays to improve the analytical
sensitivity. Ultrasensitive hybridization assays were developed for direct detection
of short nucleic acid targets without nucleic acid extraction or amplification, both of
which may increase the variation and bias in the quantification. The effect of
enhanced specific interactions on the analytical sensitivity of a hybridization assay
was studied by utilizing base stacking interactions introduced by hairpin-structured
probes.

The main conclusions based on the original publications are:

I  The nonspecific binding of PAA coated UCNP conjugates in
heterogeneous bioaffinity assays with lithium heparin plasma as the
sample matrix is mainly associated with the complement component C1q.
Clq binds to the surface of the microtiter plate and subsequently binds
UCNP conjugates. The interaction was shown to be mostly electrostatic
and it could be prevented by increasing the ionic strength or by
introducing a negatively charged blocker in the sample incubation step.
Preventing the binding of Clq to the detection surface also prevented the
nonspecific binding of UCNP conjugates.
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I Hairpin-structured probes generated approximately 30% higher specific
signal responses compared to the corresponding linear probes in a
hybridization assay for short nucleic acid targets. The analytical
sensitivity of the assay was improved by a factor of 18. The main reason
for the improved sensitivity was the reduced background signal from
nonspecific binding of UCNP reporters conjugated with the hairpin-
structured probes compared to the corresponding linear probes.

III  The analytical sensitivity of upconversion-based hybridization assay was
significantly improved by eliminating the background signal originating
from nonspecific binding of UCNP reporter conjugates. A novel
hybridization complex transfer assay technique was developed to enable
separation of specifically and nonspecifically bound UCNP reporters. The
separation was based on a specific release of the target-UCNP complexes
via toehold-mediated strand displacement reaction, followed by a
recapture to a fresh second capture surface by another target-specific
probe. Even though approximately 50% of the specific signal was lost in
the complex transfer procedure, the complete elimination of nonspecific
binding resulted in 27-fold improvement in analytical sensitivity. By
using magnetic preconcentration from a larger sample volume of 600 pL,
the analytical sensitivity could be further improved and a LoD of 46 aM
was reached. Moreover, due to the two target-specific capture steps, the
sequence specificity of the assay was improved compared to the reference
assay.

In all of the original publications, the elimination of nonspecific binding of
UCNP reporters proved to be the most important factor to increase the signal-to-
background ratios and therefore to improve the analytical sensitivity. The
background elimination was done I) by adjusting the buffer composition to prevent
the unwanted nonspecific interactions identified in the study, II) by reagent
optimization, in particular by using probes with hairpin structure, and III) by
separation of specifically and nonspecifically bound fractions by complex transfer.
The results highlight the importance of the background signal elimination in reaching
ultralow LoDs in upconversion-based assays.

The results indicate that with UCNP reporters, short nucleic acid targets, such as
miRNAs, could be detected directly from biological samples without nucleic acid
extraction or amplification, in a standard microtiter plate assay format. This
demonstrates the potential of upconversion-based hybridization assays as a powerful
tool for diagnostics and screening of various diseases in the future.
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