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Tables of Figures

Figure 1: Range of concentrations of human plasma proteins. Inset: histogram of human plasma
protein concentrations. Reproduced from Kosaka, Calleja, and Tamayo®. ...........cccooevevereiririnnnes 2

Figure 2: Protein biomarkers with clinical ranges greater than two orders of magnitude. Solid
grey lines are a guide to the eye. Abbreviations and sources: o-synuclein'3, amphiregulin'4, a
proliferation-inducing ligand (APRIL)'?, B-cell maturation antigen (BCMA)!®, brain-derived
neurotrophic factor (BDNF)!7, bone morphogenic protein 2 (BMP2)!'¥, BMP7', C-C motif
chemokine ligand 11 and 13 (CCL11,13)%, C-reactive protein (CRP)?'??, interferon-a and -y
(IFN-0,-y)?, interleukin-1% (IL-1%)*4, IL-1B%2%25, IL-1 receptor antagonist (IL-1Ra?!"-?%), IL-612,
IL-18%2627 1L-3324, procalcitonin (PCT)?!, prostate-specific antigen (PSA)?3, serum amyloid A
(SAA)?>? tumour necrosis factor-o (TNF-a)?"?*, vascular endothelial growth factor (VEGF)’.. 3

Figure 3: Representative saturation binding curves for single-site binding displayed on A) linear
axes and B) linear y scale, logarithmic x scale. Adapted from Hulme and Trevethick® ............... 8

Figure 4: Definitions of the limits of quantification based on A) standard deviation, B) relative
error. The dashed lines in A) indicate the background signal plus 10 standard deviations of the
background (LLOQ) and the saturation signal minus 10 standard deviations of the saturation.
The dotted and dot-dashed lines in B) are the acceptance limits of £20% relative bias and +40%
total relative error, respectively. The dynamic range would then be the interval of concentrations
between the two limits. LLOQ: lower limit of quantification, ULOQ: upper limit of
QUANTITICALION ...viieiiieeiiie ettt et ite e et e e et e e et eeesateeesateeesbeeensteeenssaeensaeeansseeanseeensseeensseennns 10

Figure 5: Simplified representations of a A) liquid-phase assay, where binding occurs in solution.
B) solid-phase assay, where binding occurs at the interface between the solution and a solid
substrate, such as a glass slide or polystyrene bead. ............cccoevviviiieniiiiiiiniicieeceee e 11

Figure 6: Two representations of an IgG antibody. A) Ribbon diagram, demonstrating the sub-
domains making up the 2 Fab components and the Fc component. Note the single ribbon
representing the hinge domain as well as the linkage connecting the VL and CL and the VH and
CHI1 sub-domain. Reproduced from Chiu et al.¥' B) Simplified schematic with planes and axes
of motion indicated. Each ellipse represents a compact peptide sub-domain. Reproduced from
HOPKINS®?. ..ottt ettt ettt ettt ettt as et st s et as ettt et ne et ennans 15

Figure 7: Simplified representations of solid-phase formats of (A and B) competitive assays, (C
and D) non-competitive single-binder assays, and (E) sandwich assays. Whereas antibodies are
shown here, they are representative of any affinity binder. Similarly, although the assays are
shown using direct labelling (the star symbol represents biotin, a fluorophore, etc.), they could
also be performed using indirect or label-free methods. A) The sample is mixed with affinity
binders and incubated with a surface coated with an analogue of the analyte. The analyte in the
sample competes with the surface molecules for binding sites. After incubation, the portion of
affinity binders that have interacted with the analogue or the solution analyte is quantified. B)
The sample is mixed with a labeled analogue of the analyte and incubated with a surface coated
with affinity binders. The labeled and unlabeled analyte compete for binding sites. After
incubation, the amount of labeled analyte bound to the surface is quantified and used to
determine the amount of analyte that was in the sample. C) The sample is adsorbed to the
surface, and then incubated with affinity binders. The number of affinity binders that interact



with the surface is directly proportional to the quantity of analyte in the sample. D) The sample is
incubated with a surface coated with affinity binders. The number of analytes that interact with
the surface is measured, and correlates directly to the quantity of analyte in the sample. E) The
sample is incubated with a surface coated with capture affinity binders. At the same time, or after
washing, detection affinity binders are added which bind to a different epitope on the analyte
molecule. The number of detection affinity binders that interact correlates directly to the quantity
of analyte in the SAMPIE. ......c.coiiiiiiiiiie ettt st eneeas 18

Figure 8: Typical binding curves for a A) competitive assay (filled circles) and B) non-
competitive assay (unfilled circles) using the same affinity binders. The solid lines indicate the
dynamic range (from 10 to 90% signal) while the dashed lines indicate the total detectable range.
Adapted from Kobayashi and GOt0..............ceeveveiiverieeeieeteeeteeeeeeeeee et 20

Figure 9: Cross-reactivity and non-specific binding in different assays formats. Whereas
antibodies are shown here, they are representative of any affinity binder. Similarly, although the
assays are shown using direct labelling, the same cross-reactive and non-specific binding
pathways generate incorrect signals from indirect or label-free assays. A) In a single-binder
assay, (middle) non-specific binding of a labeled plasma protein to a capture affinity binder or
(right) to the surface leads to a noise-derived signal. B) (left) a capture affinity binder interacts
specifically with its true target. (middle) Cross-reactive binding of a capture affinity binder to a
protein with structural similarity to its intended target leads to a false-positive signal. These
mechanisms are commonly referred to as sample-driven cross-reactivity. C) In a sandwich assay,
two binding events are required to generate a signal. In a single-plex assay, the likelihood of two
cross-reactive or non-specific binding events occurring is very low. Sandwich assays are
therefore robust to sample-driven cross-reactivity. D) In a conventional multiplex sandwich
assay the substrate is incubated with the sample, followed by application of pooled detection
affinity binders. The mixing of reagents provides an opportunity for reagent-driven cross-
reactivity between (i) a capture affinity binder and an unintended target, (ii) a detection affinity
binder and an unintended target, (iii) two different analytes, (iv) two different detection affinity
binders, and (v) a detection affinity binder and a capture affinity binder. (left) intended sandwich
(670 1110) (- OO TSP UR ST SRRRRP 22

Figure 10: Two assay techniques using compartmentalization. A) Antibody colocalization
microarray: (1) capture antibodies are spotted on a functionalized slide, (2) after washing the
surface is blocked, then (3) incubated with the sample. (4) the slide is returned to the printer and
biotinylated detection antibodies are dispensed in the same location, forming a liquid
compartment. (5) after washing the surface is incubated with fluorophore-conjugated
streptavidin, then (6) the slide is imaged. Reproduced from Laforte et al.’> B) Aqueous two-
phase system: (i) capture antibodies are spotted in a well, then incubated with the sample. (ii) the
well is filled with PEG, then droplets of dextran containing detection antibodies are dispensed.
The dextran droplet forms a reaction compartment. (iii) the wells are washed, incubated with the
label, and imaged. Adapted from Frampton et al.'%...............c.ocoooiiiiiiiieeeeeeee e 25

Figure 11: Multiplexed NLISA. A) nanoswitches with different loop sizes can be formed using
the same linker (i), producing distinct bands in gel electrophoresis readout (ii). B) nanoswitches
produce a detectable signal only in the presence of their intended target. Adapted from
Chandrasekaran €t al.!%% .............ccocooiiiiiiiicec et 28



Figure 12: CLAMP bead surface and assay process. A) Each CLAMP bead contains antibodies
against a single target. Capture antibodies are conjugated directly to the bead surface, while
detection antibodies are tethered through a flexible hook oligo. B) (i) CLAMP beads against
multiple targets are pooled (ii) The beads are blocked, then incubated with a sample. Both
antibodies bind to the correct target in a sandwich complex, whereas dual binding to an incorrect
target is unlikely. (ii1) The beads are washed to reduce non-specifically bound or weakly cross-
reacting reagents. (iv) The beads are incubated with a Cy5-labeled displacer oligo. (inset) The
displacer oligo invades the duplex securing the hook oligo through toehold-mediated strand
displacement. (v) Detection antibodies that have not formed a sandwich are lost to the bulk,
while those that have bound to a target are retained by this interaction. The displacer oligo acts as
a label for the sandwich complex. Adapted from Dagher?. ..............ccoevvveiveieeeeceeeeeeeeeeee 30

Figure 13: Modification of the apparent affinity of a cocaine aptamer. A) Conformational
selection binding mechanism, B) The apparent affinity was modified by altering the stability of
the “closed” state, C) Inhibitor binding pathway, D) The apparent affinity was modified by
increasing the inhibitor strand length. Only normalized data without error bars are presented, so
assessment of the effect on the signal window or variation are not possible. Adapted from
Porchetta et al38..........c.oiiice et 40

Figure 14: Binding transition mechanisms. (Top) The affinity binder spontaneously shifts from
the non-binding to the binding-competent state and then interacts specifically with its target.
(Bottom) The target interacts with the affinity binder in its non-binding state and stabilizes its
transition to the binding-competent state. Reproduced from Munzar et al.'*............................. 41

Figure 15: Hybridization mechanisms of a molecular beacon, in terms of A) Potential energy, B)
Free energy of the reaction. At high reaction temperatures (dotted line) the binding of the target
to the beacon is the rate-limiting step, and the conformational-selection pathway dominates.
Meanwhile at low reaction temperatures (dashed line) the opening of the stem-loop structure is
the rate-limiting step, and the induced fit pathway dominates. Adapted from Peng and Tan!3?.. 42

Figure 16: Conceptualization of a bivalent affinity binder with two binding domains (orange)
linked via an intrinsically disordered domain (blue) binding to its target (green). A) The linker
increases the effective concentration of the unbound domain by limiting its diffusion volume,
increasing its apparent affinity. B) Bivalent binding constrains the linker, incurring an entropic
cost. C) Increasing the length and flexibility of the linker increases the cost of binding,
decreasing the apparent affinity. ........c.oooiiiiiiiiiiiiie e 44

Figure 17: Conceptual representations of simple linker models. A) Freely-jointed chain, having
rigid links of length L. B) Wormlike chain, having a persistence length of I, (not shown) defined
as the maximum length over which two tangents (ti, tj) are correlated. Adapted from Anderson
AN GIANZIET0, ..ottt ettt a ettt et 45

Figure 18: Change in effective concentration based on linker length (L, number of amino acid
residues) and binding site separation (do). Reproduced from Zhou'!...............cocooivviiiiriinnnne. 46

Figure 19: Entropic modulation of the apparent affinity of a split ATP aptamer. A) representation
of the split ATP aptamer. B) Binding curves generated using linkers from 4 to 70 nt,
demonstrating a shift in apparent affinity Adapted from Mariottini et al.!32..............cccoovevennenen. 43

Figure 20: Toehold-mediated strand displacement A) Branch migration mechanism. The
invading strand (green) binds to a toehold region on the substrate strand (blue). The invading and



incumbent strand (red) then trade places through spontaneous breakage and reformation of base
pairs. Once the incumbent strand has completely displaced the incumbent strand, the latter may
diffuse away. B) Rate of displacement reaction vs. toehold length. S represents a toehold with
roughly equal A/T and G/C content, while Sw is mostly A/T and Ss is mostly C/G. Adapted from
Zhang and WINTTEE 00, ...........ocoiiiiieieeeceeeeeeeeee ettt aes 49

Figure 21: Representation of the basic principle of molecular beacons. A stem-loop probe (left)
undergoes a conformation change on binding to its target. This change separates a fluorophore
and quencher. Increased fluorescence emission is used as an indicator of binding. However, in
practice the stem-loop probe is not stable, and fluorescence can be detected in the absence of
binding. Reproduced from Zhu®® ..............cocooiiiiiiieeeee e 50

Figure 22: A) Simplified representation of a colocalized bead assay, wherein a matched detection
and capture affinity binder are pre-assembled on the surface of a bead. One affinity binder may
be conjugated directly to the bead, or both may be tethered to the surface by a linker molecule.
Whereas antibodies are shown here, they are representative of any affinity binder. The blue
linkers could be any flexible molecule, such as a PEG, polypeptide, or oligonucleotide chain.
The factors that influence the formation of a sandwich complex are: (i) reagent density and
stochasticity, (ii) linker length and flexibility, (iii) location of linker/affinity binder cross-link,
(iv) affinity binder flexibility, and (v) monovalent affinity of each affinity binder. B)
Representation of the CLAMP assay, used as a starting point in this thesis. The capture antibody
is conjugated directly to the bead, while the detection antibody is tethered by a flexible DNA
oligonucleotide. The hook oligo can be released by a displacer strand, which binds to a toehold
105758 10 0 (0111 PSPPSR 71

Figure 23: Simplified representation of the surface complex in the CLAMP with stiffened hook
oligo. The capture antibody and CO strand are biotinylated, providing a strong connection to the
streptavidin-coated bead. The StO strands used were 10, 20, 30, and 45 nt in length and were
located either towards the 3’ or 5° end of the hook oligo. The CO strand was conjugated to the
bead via streptavidin-biotin complex. HO: hook oligo, BO: barcoding oligo, CO: capture oligo,
DO: displacer 0ligo, StO: stiffener 0liZ0. ........c.eeeecvieeiiiieiiie e 73

Figure 24: Effect of incubation time on background signal for stiffened CLAMP beads. The
beads were incubated with blank buffer for 3 hours at RT or 15 hours at 4°C. We observed small
differences between the two incubations for the stiffened CLAMP, though they were not
significantly different from the control. The names of the stiffeners correspond to their length
and approximate location on the hook oligo. The control set was incubated with buffer while the
other sets were incubated with stiffener oligos. The full sequences can be found in the appendix
(section 7.2). Error bars represent one standard deviation. N=4. .........cccecceeviiieiiiniiienieeeeeeeen 74

Figure 25: Effect of stiffening the hook oligo on the binding curves of CLAMP against three
targets. A) Binding curves generated using a limited set of concentrations. IFNy and IL-1:
0.00244, 0.0658, 1.78 ng/mL. IL-12: 0.0061, 1.48, 40 ng/mL. Stiffening the hook oligo had an
effect on the fluorescence at the high concentration, and this effect was consistent across targets.
Without a full binding curve, it cannot be determined whether this change represents narrowing
of the signal window or a shift of the dynamic range. Error bars represent one standard deviation.
n=3. B) Box-and-whisker plot of the median fluorescence intensity measurements at the high
concentration. All the stiffeners reduced the MFI to some extent, as compared to the control. The
stiffeners with the greatest impact on MFI (20nt-3’ and 30nt-5") and the most extreme



modification (45nt) were selected for further analysis. The central mark indicates the median,
and the bottom and top of the box represent the 25" and 75" percentiles, respectively. The
whiskers indicate the most extreme data points. N=3. .......c.ccccciieeiiieeiiieeie e 76

Figure 26: Effect of stiffening the hook oligo on the binding curves of CLAMP using an
overnight incubation at 4°C. Compared to the control, all the stiffened CLAMP sets have a
narrowed signal window and no significant change in apparent affinity. The Kp values for each
target of the control and 20nt-3’, 30nt-5’, and 45nt stiffened CLAMP were calculated by fitting
with a 4PL curve. IFNy: 0.290, 0.181, 0.214, 0.239 ng/mL. IL-12: 0.121, 0.117, 0.200, 0.197
ng/mL. IL-1p: 0.0452, 0.0417, 0.0821, 0.0830 ng/mL. Error bars represent one standard
EVIALION. N4, .ottt ettt b ettt b e bt st e bt e bt et sbe e bt et bt e nae e 77

Figure 27: Simplified representation of digoxigenin colocalized bead assay. The CO and SO
strands are biotinylated, providing connection to the bead. DIG: digoxigenin, CO: capture oligo,
HO: hook oligo, BO: barcoding oligo, SO: spacer oligo, DO: displacer 0ligo ..........ccccceerueenneen. 79

Figure 28: Possible sandwich binding formations for a colocalized bead assay using identical
capture and detection affinity binders, before (top) and after (bottom) incubation with the
displacement oligo. Note that the antibody is the analyte in this assay. (i) The anti-DIG antibody
binds to two surface DIG molecules. After displacement the antibody signal is retained, but the
assay signal (DO-Cy5) is not present. (ii) Anti-DIG binds to one surface DIG and one hook DIG
molecule. After displacement the antibody signal is retained, and a detectable assay signal is also
measured. (iii) Anti-DIG binds to two hook DIG molecules. Both hooks are displaced, releasing
the antibody. Neither the antibody signal nor the assay signal is measured. ............cccceevveeennenn. 80

Figure 29: Quality control setups for measure reagent density. A) Surface DIG QC: CBA beads

without hook oligos were incubated with anti-DIG-AF488. B) DIG Hook QC: after pulling down
hook oligos to the same CBA batch, the beads were incubated with a short Cy5-conjugated oligo
that was complementary to a portion of the hook Oligo.........cceeviiiiiiiiiiiiie e, 82

Figure 30: Quality control (QC) results for DIG CBAs with varied surface densities of DNA
strands. The background signal the surface DIG QC experiment was approximated by measuring
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Abstract

There is a need to tune an assay’s dynamic range to measure analytes with large concentration
ranges of interest in human health and disease. Colocalized bead assays, wherein a matched pair
of sandwich affinity binders is pre-assembled to a micron-sized bead via flexible linkers, could
offer robust and sensitive analyte measurement for medical research. To modify the apparent
affinity and dynamic range of colocalized bead assays, we drew inspiration from multi-domain
proteins, which achieve high apparent affinity by having two or more binding domains connected
by disordered linker domains. The length and flexibility of the linker determine its
conformational entropy, influencing the apparent affinity enhancement by modulating the
entropic cost of multivalent binding. This phenomenon has previously been harnessed to develop

simple sandwich assays with an adjustable apparent affinity.

In this thesis we explored the factors influencing the apparent affinity of a colocalized bead
assay, in particular the role of linker length and flexibility. We evaluated the effect of modifying
linker stiffness and reagent stochasticity on colocalized bead assays. Next, we reduced the assay
to a liquid-phase model and investigated the role of linker length in the absence of bead surface
effects. Finally, we compared our results to existing models for apparent affinity enhancement of

simple sandwich assays with flexible linkers.

The results indicate that the apparent affinity of the colocalized bead assay was insensitive to
modification of the linker stiffness or the reagent distribution. In the absence of the bead, we
found that when the distance between binding sites is around ~5 nm the apparent affinity is only
slightly sensitive to linker length. Greater sensitivity is achieved when the distance between
binding sites is decreased. Finally, we determined that current models for apparent affinity

enhancement are not accurate for simple sandwich assays.

These conclusions suggest that if an adjustable dynamic range is desired, affinity binders should
be chosen that interact with epitopes in proximity. Future models for affinity enhancement of
simple sandwich assays should use more complex models to define the dynamics of the flexible
linker. Models for colocalized bead assays should account for the affinity binder size and
flexibility and the density and stochasticity of reagents on the surface, in addition to linker length
and flexibility.



Résumé

I1y a besoin de régler la plage dynamique des essais biologiques afin de mesurer les antigenes
avec de larges plages de concentration pertinentes pour la santé humaine. Les essais colocalisés
sur microspheéres, ou une paire de ligands d'affinité sandwich est pré-assemblée a une particule a
I’échelle du micron, pourraient offrir une analyse d’antigéne robuste et sensible pour la recherche
médicale. Dans le but de modifier I’affinité apparente et la plage dynamique des essais
colocalisés sur microsphéres, nous nous sommes inspirés de protéines multi-domaines, qui
réalisent une affinité forte en associant deux ou plus domaines de liaison par les connecteurs
intrinsequement désordonnés. La longueur et la flexibilité du connecteur déterminent son
entropie conformationnelle. Elles influencent 1’affinité apparente en modulant le colit entropique
la liaison multivalente. Ce phénomeéne a été exploité pour développer des essais sandwich

simples avec une affinité apparente ajustable.

Dans cette thése nous avons exploré les éléments qui influencent 1’affinité apparente des essais
colocalisés sur microspheres, surtout le role de la longueur et la flexibilité du connecteur. Nous
avons évalué I’effet de la modification de la rigidité du connecteur et de la stochasticité des
réactifs sur les essais colocalisés sur microspheres. Ensuite, nous avons réduit I’essai a un
modele en phase liquide et étudié le rdle de la longueur du connecteur en 1’absence d’effets de
surface des microspheres. Finalement, nous avons comparé nos résultats aux modeles actuels
pour la modification de I’affinité apparente des essais sandwich colocalisés simples avec

connecteurs flexibles.

Les résultats indiquent que I’affinité apparente des essais colocalisé€s sur microspheres était
insensible a la modification de la rigidité du connecteur ou de la distribution des réactifs. En
I’absence de la microsphére, nous avons constaté que lorsque la distance entre les sites de liaison
est d'environ 5 nm, I'affinité apparente n'est que légérement sensible a la longueur du connecteur.
Une plus grande sensibilité est obtenue lorsque la distance entre les sites de liaison est diminuée.
Enfin, nous avons déterminé que les modeles actuels de 'affinité apparente ne sont pas précis

pour les essais sandwich colocalisés simples.

Ces conclusions suggérent que si une plage dynamique ajustable est souhaitée, les ligands

d’affinité doivent étre choisis qui interagissent avec les épitopes a proximité sur 1’antigéne. En

i



outre, les futurs mod¢les de 'affinité des essais sandwich colocalisés simples devraient utiliser
des modeles plus complexes pour définir la dynamique du connecteur flexible. Les modéles pour
les essais de sandwich colocalisés sur des microsphéres doivent tenir compte de la taille et
flexibilité du ligand d'affinité et de la densité et stochasticité des réactifs a la surface, en plus de

la longueur et flexibilité du connecteur.
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1. Project Description

1.1 Motivation

The clinically relevant concentration range of a human biomarker can span more than six orders
of magnitude. Meanwhile, the typical interval of concentrations where an assay provides
meaningful information, known as the dynamic range, is about two orders of magnitude!. As

such, there is a need to modify an assay’s dynamic range.

Colocalized assays, consisting of a matched pair of sandwich affinity binders assembled via
flexible linkers, have emerged as a powerful detection method, as they are robust to cross-
reactivity?~. The motivation for this work is the exploration of methods to modify the dynamic
range of colocalized assays, in particular those that do not require modification of the sample or
the affinity binders. The identified techniques could be applied to existing colocalized assays to

expand the addressable analyte concentration range without loss of precision.

1.2 Project Goals

This project had three main goals: (i) Explore the parameters determining apparent affinity in
pre-assembled colocalized bead assays, (ii) assess the effect of linker length and rigidity on
apparent affinity in isolation from the bead, and (ii1) compare the results to published models for

intrinsically disordered linkers.

1.3 Contribution of Authors

For the present thesis, [lias Hurley performed almost all the experimental work and data analysis.
Protocols for the fabrication and use of the CLAMP were developed by Dr. Milad Dagher.
Fabrication of CLAMP beads in section 3.5.1 was performed by Dr. Jinglin Kong, Arya
Tavakoli, and Woojong Rho, with post-fabrication modifications performed by Ilias Hurley. The
procedure and algorithm for analysis of colocalized bead assays were adapted from work by Dr.
Jinglin Kong. The analysis of liquid-phase colocalized assays using the quadratic binding
equation was adapted from work by Dr. Ryan Walsh. Literature for Figure 2 was collected in
part by Dr. Ryan Walsh. The thesis and accompanying figures were prepared by Ilias Hurley,
with revision help from Prof. David Juncker, Prof. Maureen McKeague, and Dr. Andy Ng.



2. Introduction

2.1 Preface: Clinical Range of Circulating Blood Proteins

More than 10,000 biological analytes are found in human blood, occurring at concentrations
spanning more than nine orders of magnitude®. These include albumin and IgG antibodies, in the
g/L range, as well as cytokines and interleukins, which occur at concentrations of <1 ng/L
(Figure 1)’. Within the myriad of proteins, genetic material, and chemical molecules present in
blood, there are some that can act as indicators of health or disease, which are referred to as
biomarkers. The detection and quantification of biomarkers can be critical for diagnosis,

selection of appropriate treatment, and monitoring disease response.
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Figure 1: Range of concentrations of human plasma proteins. Inset: histogram of

human plasma protein concentrations. Reproduced from Kosaka, Calleja, and
Tamayo®.

Inflammatory cytokines and acute-phase proteins have been recognized as biomarkers for a wide
range of pathological conditions®. For many proteins, the difference in concentration between the
healthy and disease conditions is quite small. However, some targets have clinically relevant
ranges of two, four, or more than six orders of magnitude (Figure 2)3. For instance, the average
level of interleukin-6 (IL-6), a key component of the adaptive immune system?, in the blood of
healthy individuals is ~1 pg/mL®!°, But for some individuals, this healthy baseline can be as low

as 0.01 pg/mL%!?. Meanwhile, the diagnostic threshold of circulating IL-6 for distinguishing soft
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tissue sarcomas from benign tumours was proposed to be 6.6 pg/mL. The prognostic threshold
for survival of sarcoma patients was proposed at 26.7 pg/mL!'. The cut-off of circulating IL-6
levels for identifying patients at risk of complications from sepsis was determined to be 500
pg/mL!2. Therefore, the relevant range of IL-6 concentrations in blood is almost five orders of
magnitude. By comparison, binding assays typically have a quantifiable range of about two
orders of magnitude. This range is commonly known as the dynamic range and will be defined at
length in the next section. High-resolution sensors and ultra-low-background methods have
allowed some assays to attain greater dynamic ranges', but these have not yet achieved

widespread applicability.
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IL-18
IL-6
IL-1Ra
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Figure 2: Protein biomarkers with clinical ranges greater than two orders of
magnitude. Solid grey lines are a guide to the eye. Abbreviations and sources: a-
synuclein'®, amphiregulin'®, a proliferation-inducing ligand (APRIL)">, B-cell
maturation antigen (BCMA)'®, brain-derived neurotrophic factor (BDNF)'7, bone
morphogenic protein 2 (BMP2)'8, BMP7'°, C-C motif chemokine ligand 11 and 13
(CCL11,13)?°, C-reactive protein (CRP)*'-??, interferon-a and -y (IFN-a,-y)*3,
interleukin-1¢ (IL-1%)%*, IL-1B%2%25, IL-1 receptor antagonist (IL-1Ra*"-**), IL-6°12,
IL-18%26:27 [L-33%% procalcitonin (PCT)?*!, prostate-specific antigen (PSA)*8, serum
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amyloid A (SAA)**2°, tumour necrosis factor-a (TNF-a)?'?3, vascular endothelial
growth factor (VEGF)®.
Conventionally, if an assay’s dynamic range does not align with its analyte’s clinical range, then
one of two approaches may be taken. Either multiple assays are run in parallel using serial
dilutions of the sample, or affinity binders with different affinities are combined in a single
assay>". In both cases, additional costs are incurred due to the consumption of additional reagents
or the acquisition of new ones. Therefore, there is a need to modify an assay’s dynamic range

without using serial dilutions or multiple affinity binders.

The need to directly tune an assay’s dynamic range is further exemplified by the case of tests that
can quantify multiple proteins simultaneously, referred to as multiplexed assays. Such assays
offer more information from the same volume of sample, which can increase patient comfort as
well as expand the number of targets that can be analyzed without substantially increasing
cost3!132, Multiplexed assays are particularly desirable in the pharmaceutical industry, where they
can be used to eliminate candidate drugs that would cause undesirable side effects earlier in the
discovery pathway3?, and in the growing field of personalized medicine, where they can allow
sampling of a broad spectrum of indicators to direct or monitor treatment***. However, dilution
is not an option if one assay’s dynamic range is not aligned with its clinical range. The required
dilution for one analyte may result in the concentration of another being out of quantifiable
range. To expand the capacity of multiplexed assays it is necessary to adjust the dynamic range

for the detection of a single analyte.

2.2 Assays

The term assay is used in chemistry, metallurgy, pharmacology, and microbiology to refer to
procedures that assess a variety of parameters of interest. Within this work we will use the term
assay as a shorthand for a molecular biological assay. A biological assay is an analytic procedure
that allows the qualitative or quantitative measurement of the presence, concentration, purity, or
biological activity of an analyte. We will primarily discuss assays that measure the concentration

of a target molecule in a liquid sample, such as blood or urine.

An assay relies upon one or more affinity binders, which react with or bind to the analyte and

can transmit a detectable signal through a transducer3®. In this section we will review different



choices of assay reaction phase, affinity binder, and assay format. We will briefly define
methods of signal transduction but will not cover these at length. Finally, we will discuss cross-

reactivity-free assay formats, including colocalized assays.

2.2.1 Assay Characteristics

There are several terms that describe the assay binding reactions and response: association and
dissociation rate constants, equilibrium constants, Hill slope, dynamic range, limit of detection,
and limit of quantification. In this section we will define these terms and discuss their underlying

assumptions.

Consider a simple biomolecular system: a probe, P, binds to its target, T, forming the complex
PT. Most biomolecular systems are reversible, so the opposite is also true: a complex PT

dissociates into independent molecules P and T.

P+T=PT (1)

The rate at which the forward reaction occurs is governed by the association rate constant,
denoted ks, kon or sometimes k+. The association rate constant accounts for the diffusivity of the
constituent molecules and the geometric alignment of the binding sites®’. The association of P

and T is a second-order reaction, and its rate can be written as

Association rate = k,[P][T] (2)

Where k. has units of M-!s"!. The dissociation reaction, having only one reactant, is a first-order
reaction. The dissociation rate constant (ka, k-, or ko) has units of s' and represents the

probability that the complex will spontaneously break apart-°,
Dissociation rate = k;[PT] 3)
The rate constants can be determined through kinetic experiments, which require repeated

measurement of a reaction as it approaches equilibrium.

The system at equilibrium is defined by a different set of constants. The association equilibrium
constant, K4 or Keq, is equal to the ratio of the forward and reverse rate constants or the ratio of

products to reactants.



ko _ [PT]

K= e T TP )

The association equilibrium constant has units of M-, litres-per-mol. The dissociation
equilibrium constant, Kp, is its inverse and has more familiar units of M. Either equilibrium
constant may be quoted as the affinity of the probe for its target. In this thesis we will use the
term affinity to refer to the dissociation constant — the lower the Kp value (ex. nM vs. uM), the

more its equilibrium state is shifted towards the products.

Equilibrium binding curves may be generated by fixing the concentration of one reactant while
varying the other, allowing the reaction to reach equilibrium, then measuring the concentration
of the product or one of the reactants. For one-site binding the form of this curve is a smooth
hyperbolic saturation, commonly fitted with a form of the Hill-Langmuir equation derived as

follows*0-41,

The total concentration of probes is conserved:
[P]free + [PT] = [Pliotar
but [PT] = Ky[P]free[T]free
[Plfree + KalPlfreelTlfree = [Pleota

1+ Ky[T] free = [Pltotar _ [PliotarlT]frecKa

[P]free Bl [PT]
_ KA [T]free [P]total
[PT] B 1+ KA [T]free
or [PT] _ [T]free [P]total (5)

[T]free + KD

Typically, the probe concentration is held constant while the target concentration is varied. The
formation of complex PT transmits a signal through a transduction pathway, such as fluorescence

or electron permittivity.



The binding reaction of one probe with multiple targets is written as follows:

P +nT 2 PT, (6)

The total concentration of probes is conserved:
[P]free + [PT,] = [Pliota
and [PT,] = Ka[Plrota[T]free”
[Plfree + KalPlree T pree” = [Pliotar

[P]total — [P]total [T]freenKA
[P]free [PTn]

1+ K, [T]freen =

[T]freen [P] total [T]freen [P] total

[PT ] = =
" [T]freen + KD [T]freen + KO.Sn

(7)

Where Ko s is the inflection point of the binding curve and # is the Hill coefficient. For one-site
binding the value of # is unity and the inflection point equals the Kp. The Hill coefficient was
originally defined as being equal to the number of target molecules each probe can bind, but
empiric testing demonstrated a more complex meaning?!. In fact, the Hill coefficient represents

the combined effect of the number of binding sites and the cooperativity between them*!:42.

A curve displaying [PT] as a function of [T], with [P] held constant, is shown in Figure 3A. In
biomolecular assays the curve is more commonly plotted on log-log or semi-log axes (Figure
3B), where the curve has a familiar ‘S’ shape. The slope of the curve at the midpoint corresponds

to the Hill coefficient.
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Figure 3: Representative saturation binding curves for single-site binding displayed

on A) linear axes and B) linear y scale, logarithmic x scale. Adapted from Hulme
and Trevethick*’

Considering equations 5 and 7, when [T]see = Kp or Ko.s then half of P will have been converted
to the complex PT. Thus, the probe’s affinity can be directly from the binding curve. Use of
these equations relies on the assumptions that the reaction is at equilibrium, that all the binding
sites of a single receptor are simultaneously occupied*! (in the formation of PT: the
concentration of PT1 is negligible), and the free concentration of T is always essentially equal to
the total concentration of T added3®4%4!43, This final assumption requires that the concentration
of P is much lower than the Kb value, ideally at most [P] = 0.1 Kp. In this case the Kp value
calculated using the Hill-Langmuir equation with [T]wtal exceeds the actual Kp by at most 5%,
Especially for high affinity probes, this condition is difficult to achieve in practice as it may

require operating below the detection limit of most detection systems.

As an alternative, one can account for the depletion of free target by the probe according to the

following derivation:
[P]free = [P]total — [PT], [T]free = [T]total — [PT]

[P]free [T]free _ ([P]total - [PT])([T]total - [PTD

Ko =—"Tp1] [PT]

[PT]Z - ([T]total + [P]total + KD)[PT] + [T]total [P]total =0



Applying the quadratic formula,

([P]total + [T]total + KD) - \/([P]total + [T]total + KD)2 - 4'[P]total [T]total
2

[PT] = (8)

Equation 8, known as the quadratic binding equation, is considered appropriate to use when the
probe concentration is on the order of Kp or up to 10-fold greater**. Some cases of its accurate
use have been documented for [P]=100*Kp*, but this requires data with minimal noise. In
general, as the probe concentration increases the relative contribution of Kp decreases, therefore

decreasing the precision with which the dissociation constant can be determined.

In addition to determining equilibrium constants, the binding curve can also be used to quantify
an unknown concentration of a target molecule. For instance, the amount of a cancer-associated
protein may be measured in a blood sample. In this case a series of known quantities of the target
are added to buffer or a matrix representative of the test sample. The resulting binding curve is
called a calibration curve. The signal measured from the unknown sample is compared to this

standard, and the apparent target concentration in the sample is interpolated**.

When visualized with a logarithmic x axis (Figure 3B), a portion of the binding curve between
the upper and lower asymptotes appears linear and is often referred to as the “linear region”. Of
course, it is not actually linear, and attempts to fit the log-transformed data with a linear curve
are discouraged because they can hide important information®® or introduce bias®. The so-called
linear region represents the interval of analyte concentrations where the assay can provide

quantitative information, otherwise known as the detection or dynamic range.

The dynamic range can be defined either mechanistically or statistically, with both definitions
being equally common in the literature. From a mechanistic standpoint, the binding curve is
determined by fitting the data with the Hill-Langmuir equation®®. The dynamic range is then
considered to be between the concentrations that provide 10% to 90% of the signal saturation
level*7#8, Tt is worth noting that this is not identical to the original definition by Hill, which
predicts receptor occupancy rather than signal transduction*!. On the other hand, the dynamic
range is often defined in terms of statistical values, such as standard deviation or relative error.
For instance, the dynamic range may be defined as extending from the lower limit of detection

(LLOD) or limit of quantification (LLOQ) to the upper. The LLOD is the smallest signal that can
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be distinguished from the background, but not necessarily quantified. Alternatively, the LLOQ is
the lowest concentration at which a signal can be detected and reliably quantified, according to
some accepted limit. These values may be defined in terms the standard deviation: for example,
the LLOD is often expressed as being the concentration at which the signal is equal to the
background signal plus three times the standard deviation of the background signal
measurement®>#°, It then follows that the ULOD would then be the concentration that provides a
signal equal to the saturation level minus three times the standard deviation (Figure 4A).
Different multipliers for the SD, such as 2, 4, or even 10 have also been used. The limits are
also expressed in terms of the signal-to-noise ratio (S/N): for example, the LLOQ may be defined
as the first point at which the S/N is greater than 104!, Finally, the limits may be defined as the
concentrations for which the relative bias®!>? or CV>Y is less than some determined limit (Figure
4B). This method of defining the dynamic range is considered most preferable for
pharmaceutical or clinical use?, as it demonstrates that an assay meets accuracy requirements
over its entire working range. For instance, the FDA Bioanalytical Method Validation®? specifies
that the bias “should be £20% of the nominal (theoretical) concentrations, except at LLOQ and
ULOQ where the calibrator should be +25% of the nominal concentrations...”, while the total

relative error “should be £30%, except at LLOQ, ULOQ +40%.”
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Figure 4: Definitions of the limits of quantification based on A) standard deviation,
B) relative error. The dashed lines in A) indicate the background signal plus 10
standard deviations of the background (LLOQ) and the saturation signal minus 10
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standard deviations of the saturation. The dotted and dot-dashed lines in B) are the

acceptance limits of +20% relative bias and £40% total relative error, respectively.
The dynamic range would then be the interval of concentrations between the two
limits. LLOQ: lower limit of quantification, ULOQ: upper limit of quantification

2.2.2 Assay Reaction Phase: Liquid and Solid Phases

Molecular assays can broadly be classified depending on whether the binding reaction takes
place in solution (liquid-phase assay, Figure 5A) or at the interface between solid and liquid
(solid-phase assay, Figure 5B). The earliest immunoassays, developed in the 1960s, were liquid-
phase assays, where antibodies were labelled with radioisotopes’*. In the following decades the
field of molecular assays moved away from the liquid-phase toward solid-phase assays for
simplicity, higher sensitivity, reduction of cost, and adaptability to point of care®>¢. However,

there are some applications where the former is most appropriate.

A) B) *
»*

* »

Figure 5: Simplified representations of a A) liquid-phase assay, where binding
occurs in solution. B) solid-phase assay, where binding occurs at the interface

between the solution and a solid substrate, such as a glass slide or polystyrene

bead.

Liquid-Phase Assays

Liquid-phase assays can be further sub-divided into homogeneous and heterogeneous, or
separation, sub-types. In homogeneous assays the bound and free labelled reagent (antigen or
affinity binder) are not isolated from each other. Instead, the measured signal is modulated by the
formation of the bound complex. For instance, interaction of the affinity binder and target may
bring together a radioisotope or fluorescent label and its appropriate quencher, or an enzyme and
activator’*>. These assays are considered fast and simple, as there is no need for washing or
separation. However, in practice it is difficult to achieve 100% modulation of the signal, so

homogeneous assays are best used when low detection limits are not required>.
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In the case of heterogeneous assays, the bound and free reagent are separated, and one or both
are quantified. Examples of separation steps include adsorption of free reagent to a substrate (ex.
charcoal), precipitation of bound complexes, or techniques such as chromatography or gel
filtration that separate molecules by size or charge’*>°. Methods wherein bound complexes are
pulled down to a solid substrate (ex. a well-plate coated with secondary antibodies) are used
widely, as the substrate can be washed to remove the unbound, labeled reagents which contribute
to the background noise>. However, in practice it is difficult to achieve total separation of the
free and bound reagents, contributing to assay bias and imprecision®. Another disadvantage of
heterogeneous liquid-phase assays is that separation steps often increase the time and labour
required for the assay and involve the use of specialized equipment (centrifuge, gels, columns, or
manual washing)>>¢. These disadvantages have led to a transition toward solid-phase assays,
which are described below. However, solution-phase and solid-phase assays using the same
reagents have been found to have divergent results3’-*8, For example, del Rosario Stumpo and
colleagues>® observed that solution-phase assays for anti-insulin antibodies tended to isolate rare,
high-affinity antibodies while solid-phase assays were enriched for more abundant, low-affinity
antibodies. They proposed that in solid-phase assays, where the local insulin density at the
surface is very high, antibodies with fast off-rates can rebind to another antigen in proximity.
Whereas in solution, the concentration of insulin is lower and thus the antibody affinity is the

dominating factor’®,

Despite the disadvantages listed here, in some cases it is more appropriate to use a liquid-phase
assay than solid-phase. Adsorption or linkage of reagents to a substrate often causes changes in
binding characteristics or total loss of function due to molecule denaturation or steric hindrance

55-57

of epitopes>>'. Further, homogeneous liquid-phase assays can be designed for point-of-care use

with naked-eye readout or smartphone®>-°,

Solid-Phase Assays

In solid-phase assays, at least one reagent is attached to attached to a solid surface such as a well-
plate, glass slide, polymer membrane, metal, or paper. The target and affinity binder then interact
at the interface between the solid and adjacent media. Some of the most widely used assays fall
into this category, such as DNA microarrays and ELISA plates. A surface blocking agent, such
as bovine albumin or casein, is almost always necessary to prevent the free reagents from
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binding non-specifically to the surface, which can lead to a high background signal®!. An
advantage of using a solid substrate is that it allows washing, which can remove non-specifically
bound reagents while leaving the specific complexes intact, reducing background signal
generation. However, the electrostatic charge of the surface and reagents (in particular, DNA is
negatively charged at neutral pH), the size and diffusivity of the free reagent (analyte, affinity
binder), and the density of the surface-bound reagent can all influence the reaction dynamics. For
example, in DNA microarrays when the surface-bound capture probes are too tightly packed,
steric hindrance can result in hybridization efficiencies <10% 2. In addition, the negatively
charged backbone of DNA is repulsed the layer of DNA on the surface, and in some cases the
charge of the surface itself (gold surfaces), leading to a reduction in hybridization reaction
dynamics®2. These effects result in solid-phase DNA hybridization being thermodynamically

disfavoured compared to the same sequences hybridizing in bulk solution®-63,

However, the primary factor controlling the reaction is mass transfer limitation®. For high-
affinity probes or large, diffusion-limited targets, a depleted layer forms near the surface. The
fluid directly next to the surface experiences little movement, even with the use of shaking or
mixing. Assays may require hours to reach equilibrium due to limited diffusion®®. When the
effective concentration of probes exceeds the true affinity of the probe for its target (as measured
without depletion), the bulk solution will become depleted of target molecules. In this ligand-
depletion regime, the dynamic range is dependent on the density of probes on the surface and the
sample volume, and the detection limit is higher than theoretically achievable. The sensor’s
specificity is also diminished, as the difference in the probe’s affinity to its target vs. analogous
molecules has less effect on binding®’. Some assays intentionally operate in this regime in order
to shift equilibrium towards the bound state®®°; however, this requires that extra care is taken
while performing the assay. Deviations in the volume or probe density will shift the binding

response and can lead to incorrect calculation of the target concentration in a sample®’.

Micro- and Nanoparticle-Based Assays

A subset of surface assays is those that use micro- or nano-scale particles as the assay substrate.
These particles may be fabricated from polymers, hydrogels, gold, or other materials. Particle-
based assays are easier and less expensive to multiplex than microwell or plate-based
assays>17%71 Each bead is a self-contained assay, thus providing statistical rigour without
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massive parallelization’!:7>73, More significantly, the beads are equivalent and experience
uniform assay conditions due to mixing. This limited bias contrasts with microarrays and well-
plate assays, which experience spatial bias that can substantially distort results’*7>. Modeling’¢
and experimental analysis’’ of bead assays indicates that they achieve higher reaction rates than
plate assays, approaching the performance of liquid-phase assays’*”’. The particles’ small size
also allows them to be easily isolated from the supernatant using magnets (for ferro-magnetic
cores), vacuum filtration, or pelleting via centrifugation. This facilitates stringent washing and

can be automated.

An advantage of particle assays is the ability to measure using flow cytometry, wherein particles
are isolated in a flow stream and passed through a series of lasers. Due to the narrow stream and
the optical setup, very little background signal is generated from free fluorescent labels in
solution®. This has permitted development of assays without any washing steps, reducing time
and labour demands’®”’. Further, cytometry can measure thousands to tens-of-thousands of
particles per second’®. The cytometer can differentiate between microparticles targeting different
analyte molecule via detection of fluorescent barcodes or small variations in size that lead to

varied scattering of visible light’!.

2.2.3 Affinity Binders

Assays typically rely on the ability of an affinity binder to recognize and bind to some portion of
the target molecule. Antibodies are the most commonly used affinity binder for protein and small
molecule targets’”®. Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) probes are
typically used when the target is a nucleic acid®. Synthetic nucleic acid probes, known as

aptamers, have also been developed for some protein and small molecule targets”.

Antibodies

Assays which recognize analytes through reaction with one or more antibodies are called
immunoassays. Antibodies are specialized proteins secreted by the immune system to identify
foreign antigens. Several different classes of antibodies exist. We will focus on immunoglobin G
(IgG) antibodies, as most antibodies used in immunoassays are of this class. IgG antibodies are
roughly Y shaped, consisting of 2 identical antigen-recognizing (Fab) domains and one constant

(Fc) domain (Figure 6A). Only the tip of the antigen-recognizing domain is involved in binding,
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through a site known as the hyper-variable region. Six different peptide loops are combined to
form this binding site, which allows the immune system to generate a tremendous diversity of
antibody specificities from a relatively small pool of genes®®. The binding site may be a small
pocket or a broad surface, depending on the shape of the antigen. The portion of the antigen
recognized is called an epitope. The antibody does not recognize its epitope through a single
event, but rather through the combination of several non-covalent interactions. At the recognition
surface, peptide chains participate in van der Waals interactions, hydrophobic interactions,
hydrogen bonds, and electrostatic interactions between charged side chains. Although a small
number of amino acids contribute most of the binding energy, overall surface complementarity
also plays a role in reducing off-target binding. The absence of a single binding element between
an antibody and a close analogue of its antigen decreases the avidity, and may prevent any
detectable binding between the two molecules®. The affinity of an antibody can be enhanced

through selective mutation of the binding elements, which will be discussed later in section 2.3.2.

B) Fab arm rotation

Figure 6: Two representations of an IgG antibody. A) Ribbon diagram,
demonstrating the sub-domains making up the 2 Fab components and the Fc
component. Note the single ribbon representing the hinge domain as well as the
linkage connecting the VL and CL and the VH and CHI sub-domain. Reproduced
from Chiu et al.®' B) Simplified schematic with planes and axes of motion indicated.
Each ellipse represents a compact peptide sub-domain. Reproduced from Hopkins®?.

An antibody is not a single rigid body but rather is composed of multiple loosely connected
parts. The three components — two Fab domains and an Fc domain — are joined at the center by
the hinge domain (Figure 6A)3!83-85, The hinge domain permits the Fab components to move
independently and adopt inter-Fab angles from 0 to up to 180°, depending on the antibody

species®>86. In addition to the substantial motion permitted by the hinge domain, there is also
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flexibility within the three primary components of the antibody®>%3. Each component is
composed of multiple rigid sub-domains, connected by a relatively unstructured linkage. This

semi-flexible linkage permits rotation akin to a ball-and-socket joint (Figure 6B)%3.

Nucleic Acids

Nucleic acids are biomolecules that are well-known for providing the genetic code of all living
things (and some non-living things as well, like viruses). Nucleic acids are polymers of
nucleotides: molecules containing a sugar, a phosphate group, and a base. The sugar of one
nucleotide bonds with the phosphate of the next, forming the sugar-phosphate backbone. The
base can be one of five structures: adenine, cytosine, guanine, and either thymine or uracil in
DNA or RNA, respectively. The bases of one polynucleotide strand pair with those of another by
forming hydrogen bonds with their specific complement, in a process called hybridization. In
regular Watson-Crick base pairing, cytosine pairs with guanine through three hydrogen bonds,
and adenine pairs with thymine or uracil through two hydrogen bonds. Other pairing
arrangements exist, though they are not as stable as these standard pairings. The stability of the
duplex, and by extension the affinity of one strand for the other, depends on the identity of each
base pair and the overall sequence®’. We will primarily discuss DNA affinity, as the molecule is
better characterized than RNA due to its higher stability. DNA hybridization is considered to be
one of the most specific molecular binding events ever reported®. DNA affinity and mechanical

properties will be discussed further in sections 2.3.2 and 2.4.

Aptamers

Aptamers are single-stranded DNA or RNA molecules that, through secondary or tertiary
structures, form a shape that can bind target molecules with moderate affinity. Aptamers were
first speculated after the discovery of ribozymes, folded RNA structures that catalyze reactions
like protein enzymes®. Aptamers are developed synthetically through an evolution process
known as SELEX (Systematic Evolution of Ligands by EXponential enrichment)?°, though
naturally-occurring aptamer-like molecules known as riboswitches have been identified®’. Most
aptamers are relatively unstructured in solution, and fold into their binding position upon
interaction with their target®!. As nucleic acids lack the diversity of functional groups available

in amino acids®'??, the binding of aptamers to their targets is primarily through hydrogen
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bonding®!. A common motif is pseudo-base-pairing between a single base and polar groups on
the ligand, stabilized by a planar surface formed by a non-Watson-Crick base pair or triplet such
as a Hoogsteen G-G pair’!. Alternatively, hydrophobic regions of the ligand may interact with
the major groove of the duplex, which bulges to form a binding pocket. A single-stranded loop
then folds over the ligand, securing it in place. This binding motif highlights how an aptamer
discriminates against molecules similar to its intended target; the addition of a single methyl
group, such as from theophylline to caffeine, causes steric hindrance and prevents the analogue
fitting in the binding pocket’'. Though in general aptamers have lower affinity than antibodies,
high affinity (Kb ~ pM) have been synthesized. The integration of modified bases can further

enhance aptamer affinity®?, and will be later discussed in section 2.3.2.

2.2.4 Basic Assay Formats

Numerous assay formulations have been developed over the last several decades that are
optimized for sensitivity, speed, throughput, ease-of-use, or one of many other parameters.
However, they generally have two core steps: target recognition and signal transduction. The
target recognition reaction can be classified into several basic types. Here we will review
competitive assays and non-competitive single-binder and sandwich assays. Assays are also
classified based on their method of signal transduction. In direct assays the labelling molecule
(fluorophore, enzyme, biotin, etc.) is conjugated to the interacting affinity binder, whereas in
indirect assays the label is conjugated to a secondary binding molecule. For example, if a target
is recognized by an antibody raised in mouse cells, a fluorophore-labelled rabbit anti-mouse
antibody may be used for indirect detection. Finally, “label-free” assays detect the binding of
probes or targets through changes in refractive index, mass, or electron permittivity®. For the
remainder of this section, we will focus on the target recognition step, regardless of whether the

assay is direct, indirect, or label-free.

Competitive Assays

Competitive assays depend on competition between the analyte and a known quantity of its
analogue for a limited number of affinity binders (Figure 7A, B). Quantification of the analyte is
often indirect, as it is easier to detect the analogue in some competitive techniques®'-%4,

Competitive assays can be solid or liquid phase, or a hybrid of the two involving a pull-down

17



step. Competitive binding assays are commonly used for detection of small molecules, where
steric hindrance from multiple binders would be a concern, or when only one affinity binder for

the analyte exists®.

A) B)

* W

C) D)

E) )k Capture affinity binder

A Detection affinity binder

i

¥ Analyte
Y Label

Figure 7: Simplified representations of solid-phase formats of (A and B)
competitive assays, (C and D) non-competitive single-binder assays, and (E)
sandwich assays. Whereas antibodies are shown here, they are representative of
any affinity binder. Similarly, although the assays are shown using direct labelling
(the star symbol represents biotin, a fluorophore, etc.), they could also be
performed using indirect or label-free methods. A) The sample is mixed with affinity
binders and incubated with a surface coated with an analogue of the analyte. The
analyte in the sample competes with the surface molecules for binding sites. After
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incubation, the portion of affinity binders that have interacted with the analogue or
the solution analyte is quantified. B) The sample is mixed with a labeled analogue
of the analyte and incubated with a surface coated with affinity binders. The
labeled and unlabeled analyte compete for binding sites. After incubation, the
amount of labeled analyte bound to the surface is quantified and used to determine
the amount of analyte that was in the sample. C) The sample is adsorbed to the
surface, and then incubated with affinity binders. The number of affinity binders
that interact with the surface is directly proportional to the quantity of analyte in
the sample. D) The sample is incubated with a surface coated with affinity binders.
The number of analytes that interact with the surface is measured, and correlates
directly to the quantity of analyte in the sample. E) The sample is incubated with a
surface coated with capture affinity binders. At the same time, or after washing,
detection affinity binders are added which bind to a different epitope on the analyte
molecule. The number of detection affinity binders that interact correlates directly
to the quantity of analyte in the sample.

Non-competitive Assays

By comparison, non-competitive assays use an excess of the affinity binder to bind all the
available analyte. The quantity of probe-target complexes formed is proportional to the total
amount of the analyte in the sample; for this reason, they are sometimes called immunometric
assays>+3695 Non-competitive assays are more sensitive than competitive assays using the same
affinity binders, based on mathematical modelling (Figure 8). This is because non-competitive
assays directly measure the probe sites bound to an analyte, while competitive assays effectively
measure the probe sites that are not bound to an analyte®>*°, More simply, the use of excess
affinity binders ensures that even trace amounts of the analyte can be bound and detected.
However, the excess binders also increase the signal produced from non-specific binding events,

thus requiring stringent assay controls>>.
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Figure 8: Typical binding curves for a A) competitive assay (filled circles) and B)
non-competitive assay (unfilled circles) using the same affinity binders. The solid
lines indicate the dynamic range (from 10 to 90% signal) while the dashed lines
indicate the total detectable range. Adapted from Kobayashi and Goto®?

Non-competitive assays can be further differentiated based on whether they detect one or two
binding sites on the same analyte. Single binder assays, having only one target recognition
reaction in their detection step, are commonly used for measuring small molecules (Figure 7C,
D). Like competitive assays, reagent-excess single-binder assays can be performed with either
the analyte or affinity binder adsorbed to a solid phase, or the reaction can occur entirely in the

liquid phase®-*4,

Sandwich assays make use of two affinity binders that recognize different epitopes of the same
analyte (Figure 7E). They are primarily used for detection of macromolecules, where multiple
high-affinity epitopes may be available and steric hindrance between binders is less of a
concern®, Typically, the first binder, often called the capture molecule, is bound to a solid
substrate. Following incubation with the sample, the second detection binder is added and binds
to the target molecule, thereby “sandwiching” it between the two binders®*. Liquid phase and
hybrid sandwich assays have also been developed, examples of which will be discussed in
section 2.2.6. Sandwich assays have a higher specificity than single binder assays due to the
increased stringency of requiring two recognition reactions®. They are commonly used for rare
targets in complex samples or samples containing similar molecules that must be differentiated®!.
They have the obvious disadvantage of requiring two affinity binders that recognize non-

overlapping epitopes, the identification of which can be time-consuming and expensive®’.
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Fortunately, sandwich antibody pairs for common biological targets are sold as sets by many

suppliers.

2.2.5 Cross-reactivity and Non-specific Binding

All assays depend on the transduction of a signal, whether it is a change in colour,
electrophoretic mobility, or optical permittivity. However, in practice it is difficult to determine
whether a measured signal is the result of a true binding event or experimental noise. There are a
plethora of potential sources of noise®, but we will focus on non-specific binding and cross-
reactivity. We define non-specific binding as interactions of an analyte or affinity binder through
regions other than its binding sites®. For instance, a labeled plasma protein adsorbs to a surface,
producing a signal when no target is present (Figure 9A, left). Alternatively, hydrophobic groups
in the protein interact with those in a surface-bound antibody (Figure 9A, middle). In contrast, in
cross-reactivity most or all the affinity binder’s target-recognition sites interact specifically with
an unintended epitope®. For instance, a surface-bound capture antibody binds to a molecule with
structural similarity to the target it was raised against (Figure 9B, middle). Sandwich assays were
developed to mitigate sources of noise-derived signal by requiring two binding events to
generate detectable signal (Figure 9C). The likelihood of two cross-reactive or non-specific
binding events occurring is very low, making sandwich assays against a single target (singleplex)

more robust to noise-derived signal®?.
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Figure 9: Cross-reactivity and non-specific binding in different assays formats.

Whereas antibodies are shown here, they are representative of any affinity binder.
Similarly, although the assays are shown using direct labelling, the same cross-

reactive and non-specific binding pathways generate incorrect signals from indirect
or label-free assays. A) In a single-binder assay, (middle) non-specific binding of a
labeled plasma protein to a capture affinity binder or (right) to the surface leads to
a noise-derived signal. B) (left) a capture affinity binder interacts specifically with
its true target. (middle) Cross-reactive binding of a capture affinity binder to a
protein with structural similarity to its intended target leads to a false-positive
signal. These mechanisms are commonly referred to as sample-driven cross-
reactivity. C) In a sandwich assay, two binding events are required to generate a
signal. In a single-plex assay, the likelihood of two cross-reactive or non-specific
binding events occurring is very low. Sandwich assays are therefore robust to
sample-driven cross-reactivity. D) In a conventional multiplex sandwich assay the
substrate is incubated with the sample, followed by application of pooled detection
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affinity binders. The mixing of reagents provides an opportunity for reagent-driven

cross-reactivity between (i) a capture affinity binder and an unintended target, (ii)
a detection affinity binder and an unintended target, (iii) two different analytes, (iv)

two different detection affinity binders, and (v) a detection affinity binder and a
capture affinity binder. (left) intended sandwich complex.

Cross-reactivity presents a significant obstacle when multiple analytes are to be measured in a
single sandwich assay (multiplexing). Conventionally, multiplexed sandwich assays are
performed by isolating different capture affinity binders in spots on a microarray or
microparticles. The substrate is incubated with a sample, followed by application of the pooled
detection affinity binders for all targets. This provides an opportunity for interaction of each
analyte or detection affinity binder with all other analytes, detection affinity binders, and capture
affinity binders (Figure 9D)%. The number of possible cross-reaction scenarios increases
quadratically with the number of analytes, N, according to 4N(N-1), such that a multiplexed
sandwich assay for 5 targets has 80 possible cross-reactive combinations'®’, While commercially

available affinity binder pairs are tested to confirm they do not react with each other, testing of

affinity binders between pairs is not commonly performed.

2.2.6 Cross-reactivity-free Multiplex Sandwich Assays

The assays reviewed in this section are designed with more stringent reaction or transduction
requirements, such that only specific binding by both affinity binders leads to a measurable
signal. They achieve this limitation of cross-reactivity-driven signal through
compartmentalization, co-assembly by linkage of affinity pairs, or proximity-dependent signal

transduction, as described below.

Compartmentalization

Assays in this category reduce cross-reactivity by isolating the affinity binders against one target
from those against other targets. Therefore, the detection affinity binders only encounter their
complementary capture affinity binders. Cross-reactivity between affinity binders and
unintended targets can still occur, but two off-target binding events would be necessary to
produce a signal. Two examples of this technique will be discussed: the antibody colocalization

microarray and the aqueous two-phase system ELISA.
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Antibody Colocalization Microarray (ACM)

The antibody colocalization microarray (ACM) reduces cross-reactivity signal by sequentially
printing capture antibodies and their corresponding detection antibodies in discrete spots on a
substrate. As in a typical microarray assay, droplets of capture antibodies are dispensed onto a
reactive glass slide using a microarray printer. The slides are washed, blocked, incubated with
the sample, then washed again. Unlike conventional microarray assays, the slides are then
returned to the microarray printer and aligned in their previous position using spring-loaded
clips. Droplets of detection antibody are dispensed at the same location as their respective
capture antibody, forming a liquid compartment where sandwich binding occurs. The volume of
the droplet must remain constant during incubation to allow the system to reach equilibrium.

This is achieved either by maintaining the printer chamber at elevated humidity!®

or by
including glycerol or other additives in the printing buffer'?!. After incubation with the detection
antibodies the slides are washed, incubated with labelled streptavidin, washed, and then detected
via fluorescence scanning'®. The full protocol is represented graphically in Figure 10A. To
assess the reduction in cross-reactivity, the authors performed assays with all possible
combinations of reagents. This analysis demonstrated considerable cross-reactivity-derived
signal, especially from antibody pairs with relatively low affinity for their target. A subsequent
assay demonstrated that the addition of these cross-reacting reagents reduced the accuracy of a
conventional multiplex sandwich assay. Meanwhile, the ACM signal was robust to the inclusion
of these reagents!®. The use of automated pin-spotting facilitates scaling to higher plex levels
without increasing labour needs, albeit with long print times. However, the multi-spotting
procedure requires accurate re-alignment after removing and replacing the slides. The developers
of this platform achieved an accuracy of <20 um using mechanical alignment aids'®. A
microarray printer with optical recognition capabilities would also be an option. Finally, the use

of very small volumes of liquid as the reaction compartments makes the system sensitive to

evaporation, as any loss will drive the system out of equilibrium and result in inaccuracy.

To address some of the disadvantages of the ACM, the snap chip platform was developed. In this
platform, the capture and detection antibodies are printed on two separate slides (assay and
transfer slide respectively) in a mirrored pattern. The assay slide is blocked, incubated with the
sample, then washed. Next, the assay and transfer slide are clamped into a custom apparatus and

pressed together, such that the detection antibodies are transferred to the capture spots. A
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mechanical alignment method is used during printing, such that visual alignment is not required
when the slides are placed in the snap apparatus. When 300 um capture spots and 700 um
detection spots were used, the average centre-to-centre distance was measured to be 147 pm!%2,
A subsequent design, where both antibodies are dispensed on transfer slides in nanolitre-scale
droplets and snapped onto the assay slide, had an average misalignment of 16 um!%. It was also
found that the slides could be dried, stored at -20°C for 1 month, and later rehydrated with no
loss of signal. This storage method was proposed as a means of decoupling the slide preparation,

which requires specialized equipment, from the assay execution!%?,
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Figure 10: Two assay techniques using compartmentalization. A) Antibody
colocalization microarray: (1) capture antibodies are spotted on a functionalized
slide, (2) after washing the surface is blocked, then (3) incubated with the sample.

(4) the slide is returned to the printer and biotinylated detection antibodies are
dispensed in the same location, forming a liquid compartment. (5) after washing the
surface is incubated with fluorophore-conjugated streptavidin, then (6) the slide is
imaged. Reproduced from Laforte et al.’> B) Aqueous two-phase system: (i) capture
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antibodies are spotted in a well, then incubated with the sample. (ii) the well is
filled with PEG, then droplets of dextran containing detection antibodies are

dispensed. The dextran droplet forms a reaction compartment. (iii) the wells are
washed, incubated with the label, and imaged. Adapted from Frampton et al.'%*

Aqueous Two-phase System (ATPS)

Like the ACM, the aqueous two-phase system ELISA (ATPS-ELISA) prevents antibody cross-
reactivity by spatially segregating the capture and detection antibodies within aqueous droplets.
The different capture antibodies are spotted within a polystyrene well in a non-overlapping
pattern. The entire well is washed, incubated with the sample, and washed again. The well is then
filled with a polyethylene glycol (PEG) solution, and droplets of a dextran solution containing
detection antibodies are dispensed into the well. The dextran and PEG solutions are immiscible,
and the denser dextran sinks to the well surface. Embossed features in the well are used to guide
droplet placement, such that each detection antibody is dispensed on top of its corresponding
capture antibody. After incubation, the wells are washed and then an enzyme and substrate are
added as in a conventional ELISA!%. The technique is represented graphically in Figure 10B.
The protocol was subsequently modified to include mixing the sample into the PEG phase!?’,
pre-drying the dextran, capture and detection antibodies on the surface!®®, and mixing the

107

enzyme into the PEG phase'”’. These changes reduced the assay steps performed by an end-user

and the overall time required for the assay. The formulations of the PEG and dextran phases

were extensively tested to determine the ideal mixture for rehydration!

, and to facilitate analyte
and enzyme diffusion into the reaction compartments while limiting detection antibodies
diffusing out (50% retention after 1 hour)'%’. The advantage of this method is that it permits
multiplexing in segregated volumes without the need for humidity control to prevent evaporation
during incubation. However, the detection antibodies are not completely retained in the reaction
compartments. The loss of antibodies to diffusion would prevent the compartments reaching a
stable equilibrium, making the results susceptible to variations in incubation time. It may also
limit miniaturization of the assay, as smaller droplets would have a higher surface-to-volume and
possibly greater diffusion loss. When evaluating the platform’s susceptibility to cross-reactivity,
the authors only tested the intentional mixing of a goat detection antibody with an anti-goat

capture antibody. Therefore, it is unclear if the platform could differentiate close analogues

where both antibodies have a moderate affinity, but specific interaction with the unintended
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target. The reduced-wash assays could be especially prone to produce erroneous signals from this

type of cross-reactivity.

Pre-assembly and Linkage of Affinity Binder Pairs

Assays in this category pre-assemble the capture and detection affinity binders to each other or a
solid substrate via flexible or semi-flexible connectors. This connection increases the effective
concentration of the second binder once the first binds a target, promoting the formation on-
target sandwich complexes. The overall off rate is also decreased, as the target molecule must
unbind from both affinity binders to entirely unbind from the probe. This phenomenon of
apparent affinity enhancement will be discussed further in section 2.3.3. Two notable assays
using co-assembly will be described below: the nanoswitch-linked immunosorbent assay and the

colocalization-by-linkage assay on microparticles.

Nanoswitch-linked Immunosorbent Assay

The nanoswitch-linked immunosorbent assay (NLISA) consists of two sandwich antibodies
attached to different locations on a kilobase-scale double-stranded DNA scaffold (Figure 11A,i)°.
When both antibodies bind to a single target molecule, the probe adopts a looped form. The
looped structure forms a distinct band from the linear structure when visualized with gel
electrophoresis, solely due to their different topology (Figure 11A.ii)!%. The authors proposed
that the electric forces generated by the electrophoresis procedure drive the system out of
equilibrium and prevent the rebinding of any probes that open during the process. Therefore, on-
target binding is enriched compared to off-target interactions, which may be shorter-lived. To
assess the reduction in cross-reactivity, a standard ELISA and NLISA were prepared using the
same antibody pair against luteinizing hormone (LH). Each assay was performed using LH and a
similar molecule, chorionic gonadotropin (CG). The NLISA demonstrated no detectable binding
to CG, while the ELISA produced a weak signal (0.5% relative to on-target binding)>.
Nanoswitch probes were also developed using single-stranded DNA as the affinity binder to
detect nucleic acid targets. For two 12-nt binding strands, a single nucleotide mismatch led to a
40% reduction in signal. Reduction of the binding sites to 10-nt resulted in no signal from a
single nucleotide mismatch. The authors performed a 6-plex assay targeting both protein and
nucleic acids and demonstrated no cross-reactivity (Figure 11B)!%°. The advantage of this
method is it very simply incorporates a stringent requirement for signal transduction — specific
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binding by both affinity binders is necessary to maintain the looped structure. Further,
colocalization of the affinity binders enhances the assay’s sensitivity, achieving a reduction of
LOD compared to a commercial ELISA®. However, the requirement for long-lived on-target
binding events prevents the use of affinity binders with high off-rates. In addition, the use of gel
electrophoresis as a readout method, although inexpensive and accessible, limits the barcoding

space to the number of distinct bands that can be visualized in a single gel lane.
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Figure 11: Multiplexed NLISA. A) nanoswitches with different loop sizes can be

formed using the same linker (i), producing distinct bands in gel electrophoresis

readout (ii). B) nanoswitches produce a detectable signal only in the presence of
their intended target. Adapted from Chandrasekaran et al.'®

Colocalization-by-linkage Assay on Microparticles

The colocalization-by-linkage assay on microparticles (CLAMP), developed by the Juncker lab,
consists of matched pairs of antibodies associated to micron-sized beads. Each bead has
antibodies against a single target, such that the sandwich binding reaction is
compartmentalized''?. The capture antibody is attached directly to the bead surface, while the
detection antibody is tethered close to the bead surface through a flexible hook oligo (Figure
12A). After incubation with the sample, the CLAMP probes are mixed with a fluorescently
labelled strand called the displacer oligo. This oligo invades the duplex linking the hook oligo to
the surface via toehold-mediated strand displacement (Figure 12B, iv, inset). If the detection
antibody has not bound to a target, then it is lost to the bulk solution, where it is unlikely to
interact with another CLAMP bead. A stringent wash removes any antibodies which may have
bound non-specifically. However, if the detection antibody has formed a sandwich complex with
a surface-bound capture antibody then it is held by this interaction when the hook oligo is
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released. The displacer oligo is also localized, and acts as a label for the sandwich complex
(Figure 12B, v). The displacer oligo’s dual role ensures that the background signal remains low —
only hook oligos that are properly released can contribute to the assay signal. The assay signal is
quantified by flow cytometry, with each bead contributing an independent measurement'!?, The
platform’s ability to reduce cross-reactivity was evaluated by performing a 6-plex assay using
the same targets and antibodies for the CLAMP and a conventional bead-based sandwich assay.
The antibodies and antigens selected had been shown to exhibit cross-reactivity and non-specific
binding in a previous multiplexed sandwich assay'!'!. The conventional bead-based sandwich
assay had numerous false-positive signals owing to reagent cross-reactivity. Meanwhile, the
CLAMP had one instance of cross-reactivity, which was identified as being due to a detection
antibody with low specific affinity!'!!. An advantage of the CLAMP system compared to other
cross-reactivity-free assays in this section is that the bead-based system facilitates automated
washing and cytometry measurement. Scaling up to higher plex levels only requires the addition

of a new barcode?.
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Figure 12: CLAMP bead surface and assay process. A) Each CLAMP bead contains
antibodies against a single target. Capture antibodies are conjugated directly to the
bead surface, while detection antibodies are tethered through a flexible hook oligo.
B) (i) CLAMP beads against multiple targets are pooled (ii) The beads are blocked,
then incubated with a sample. Both antibodies bind to the correct target in a
sandwich complex, whereas dual binding to an incorrect target is unlikely. (iii) The
beads are washed to reduce non-specifically bound or weakly cross-reacting
reagents. (iv) The beads are incubated with a Cy5-labeled displacer oligo. (inset)
The displacer oligo invades the duplex securing the hook oligo through toehold-
mediated strand displacement. (v) Detection antibodies that have not formed a
sandwich are lost to the bulk, while those that have bound to a target are retained
by this interaction. The displacer oligo acts as a label for the sandwich complex.
Adapted from Dagher?.

Proximity-dependent Signal Transduction

Unlike the other methods discussed in this section, proximity-dependent techniques do not
prevent cross-reactive binding from occurring. Instead, assays in this category add an extra
recognition step between the capture and detection affinity binders. Signal transduction only
occurs if two matching binders interact with the same target molecule. Two examples will be

discussed here: the proximity ligation assay and the proximity extension assay.
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Proximity Ligation Assay

In the proximity ligation assay (PLA) the capture and detection affinity binders are each linked
to an oligonucleotide. Both affinity binders are added to the sample simultaneously. After
incubation, an excess of connector oligos, a ligase, and PCR primers are added. If the two
affinity binders have both bound to the same target molecule, then the connector oligo hybridizes
to a short sequence on each binder’s oligo. The resulting complex is ligated, and then the
reaction is transferred to a qPCR instrument for measurement. Very low concentrations (~ pM)
of the affinity binders are combined with the sample, and further diluted on addition of the
ligation mix, in order to reduce the incidence of target-independent ligation®!'2. As an alternative
to PCR, the ligated DNA can serve as a template for rolling circle amplification (RCA), followed
by labelling with fluorescent oligos. Use of RCA provided an improvement in sensitivity and
precision!!?, and allowed for in-situ tissue imaging via PLA''4. Cross-reactivity was assessed by
spiking one of six targets into plasma, followed by the antibodies for all six. No significant cross-
reactivity-derived signal was detected’*. Later, the signals from a 24-plex assay were compared
to those from 4-5 antigen sub-mixes. Some false-positive results were identified, but they were
attributed to incomplete purification of some antigen standards''>. The advantage of the PLA
method is that it is performed in a single container and does not require washing, making it very
straightforward to automate. Further, PCR amplification allows even rare binding events to be
detected. However, the performance of DNA ligases was found to be reduced in complex
samples, such as human plasma*. More significantly, PLA experiences a hook effect, wherein
increasing target concentration beyond the upper limit of the dynamic range results in a reduction
of measured signal. This reduction is due to the decreasing probability that each target molecule
is bound by two affinity binders. The hook effect is commonly observed in assays where both
sandwich binders are added simultaneously. The assay may report erroneous quantification
values if used outside its dynamic range, requiring sample titration or prior knowledge of the

target’s concentration range.

Proximity Extension Assay

To address the weaknesses in PLA, the proximity extension assay (PEA) was developed. Like
PLA, in the PEA method the sample is incubated with both sandwich antibodies, which are
conjugated to oligo labels. However, in PEA one of the antibody-oligo conjugates is pre-

hybridized to a slightly longer oligo (the connector), such that it leaves a short overhang. When
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the pair of antibodies bind in proximity, the connector strand hybridizes to the other oligo label.
Next, a DNA polymerase is added that extends the connector strand, using the oligo label as a
template. The reaction is then transferred to a qPCR instrument, and the extended connector
strand is amplified and quantified. An exonuclease added at the same time as the polymerase was
found to improve the SNR, which the authors attributed to degradation of non-hybridized oligo
labels, preventing their erroneous amplification®. In a later iteration of PEA the connector strand
was eliminated, and the two oligo labels hybridize to each other if they have matching barcode
sequences'!%. The PEA method’s robustness to cross-reactivity was evaluated by comparing the
results of four targets in a 23-plex assay to their corresponding single-plex assays. The signals
were not found to be significantly different, though for some targets the background signal was
higher in the multiplex assay*. Like PLA, PEA does not require handling and washing. However,
the total target that can be bound by the PEA probes is limited by the non-saturating antibody
concentration used. Increasing the antibody concentration would make target-independent

extension events more common, and therefore increase the background signal®.

Assays using proximity-dependent signal transduction techniques have broad dynamic ranges of
3-5 orders of magnitude. This is due to the very low background signal achieved by limiting
noise-derived signal transduction'!>!'!>, However, for both PLA and PEA, the use of DNA oligo
proximity probes creates an additional pathway for cross-reactivity. Orthogonal probes must be
carefully designed to limit false-positive signals generated by unintended oligo interactions'!”.
To date, PLA has been demonstrated for up to 24 sequences in parallel*!!'7, and PEA has been

demonstrated for up to 96 sequences'®.

2.2.7 Other Advanced Assay Formats
Digital Assays

Digital assays divide the sample into a multitude of identical compartments!'®. The volume of
each compartment is very small, often on the scale of femtolitres, such that most contain either
zero or one target molecule. PCR or ELISA reagents are then added to each compartment, and
the portion of partitions that produce positive results is counted directly to determine the quantity
of target molecule in the original sample. This method is valuable for the detection of rare

targets, as it approaches single-molecule sensitivity. Due to Poisson statistics, as the number of
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positive compartments increases so too does the incidence of compartments containing more
than one target molecule. Above 10% positivity, direct counting no longer provides an accurate
result'!8, Correcting for the incidence of wells with multiple targets, counting can continue up to
50-70% positivity. Beyond this limit the signal deviates from linearity''%!?°, For instance, Rissin
and colleagues measured streptavidin-B-galactose (SPG) concentrations with a LLOQ of 350 zM,
compared to 15 fM for a contemporary plate reader assay. The upper limit occurred at 3.5 M,

for a total dynamic range of 4 orders of magnitude!'!.

2.3 Assay Dynamic Range and Modification Thereof

As discussed in section 2.2.1, the dynamic range is the interval of analyte concentrations for
which an assay provides quantitative information. Clinical requirements for assays define the
upper and lower limits of the dynamic range in terms of SD, bias, or CV>%33, Therefore, the
width of the dynamic range is dependent on the assay quality (how much signal variation and
background are present?) and the resolution of the detection method (can it reliably discriminate
a 0.1% signal change? 0.01%?). For conventional sandwich assays, the dynamic range spans two

to three orders of magnitude’.

When an assay’s dynamic range does not overlap with its analyte’s clinically relevant range, or
when the analyte’s relevant range is too wide, the assay’s dynamic range must be adjusted. The
various methods for modifying the dynamic range can be divided into three basic categories:
modification of the sample, modification of the affinity of the binding molecules, and

modification of the apparent affinity.

2.3.1 Sample Modification

Methods of modifying the sample include parallel dilution, target depletion, and partitioning the

sample.

Parallel Dilution

Most assays begin with a standard dilution of the sample to bring the expected analyte
concentration within the dynamic range. The standard dilution is based on the sample matrix and
the affinity binders used and is typically determined by the assay developer. In the case that the

analyte’s relevant range does not align with the assay’s dynamic range, multiple dilutions of the
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sample may be tested in parallel. Parallel measurement is especially important for assays with a
hook effect at low or high concentrations, as operating outside the dynamic range will lead to
false measurements!?!. Parallel dilution is by far the simplest method of dynamic range
modification and will appear several more times in this section in combination with other
techniques. However, repeating an assay in parallel increases the consumption of sample,
reagents, and labour. Particularly in multiplex assays, where the correct dilution factor for one
target might not be right for another in the same sample, parallel dilution may not be the most

efficient method to modify the dynamic range.

Target Depletion

Target depletion methods consist of incubating the sample with an unlabelled affinity binder that

competes with the capture or detection binder. This technique has been demonstrated for DNA

122,123 124

assays as well as immunoassays'~*. For example, Di Kang and colleagues designed an
electrochemical DNA assay, in which labelled DNA probes were bound to a gold surface'??. An
identical, unlabelled probe was added in solution, which competed with the signalling probes for
the target strand. By increasing the concentration of the depletant strand, the authors were able to
shift the ULOD from 100 nM to 10 uM'?2, Alexis Vallée-Bélisle and colleagues designed a
similar system, where the target was captured via DNA stem-loop probes in solution'??,
Unlabelled linear probes, with a sequence identical to the loop region, were added to deplete the
target. By increasing the depletant concentration the ULOD was shifted from 1 uM to 10 pM '3,
However, in both of these examples the overall dynamic range was not significantly extended, as
the use of the depletant narrowed the dynamic range of each assay to approximately 5-fold!'?>123,
This might be because the binding curves of the depletant and signalling probe had considerable
overlap. Perhaps if the depletant had a much higher affinity for the target then the dynamic range

of each assay would not be narrowed.

Heidi Hyytid and colleagues designed a nanoparticle-based immunoassay whose dynamic range
could be modified using the depletion method'?*. The authors used an established nanoparticle
sandwich assay method, wherein one half of an antibody sandwich pair is conjugated to the
nanoparticles while the other is biotinylated and immobilized on a streptavidin surface. The
nanoparticles were pre-incubated with the sample, then the whole mixture was transferred to the
antibody-coated wells. After incubation and washing, the immobilized nanoparticles were
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measured as an indication of the target molecule concentration. To extend the dynamic range,
free capture and detection antibodies were added to the pre-incubation step. The free antibodies
competed with the nanoparticles and surface-bound antibodies for the target molecules,
sequestering them and shifting the measured dynamic range towards higher concentrations. By
increasing the concentration of depletant antibodies, the total dynamic range was measured at 3
orders of magnitude. The actual extension may have been greater, as some of the binding curves

were still in the linear range at the lowest concentration tested 2.

Sample Partitioning

Digital assays, as discussed in section 2.2.7, quantize the sample into a series of partitions that
can only report binary signals. Very low limits of detection are achieved by concentrating
reactants in very small volumes, such that the activity of a single enzyme can be distinguished
from background'!®-'?°, However, the dynamic range and precision of a digital assay are
intrinsically linked, due to the method of counting active partitions. Achieving the dynamic
range and precision desired for most biological applications requires massive numbers of
compartments — on the order of thousands to millions'?®. This quickly increases the cost and

complexity of reagents and liquid handling.

Pawel Debski and colleagues presented a technique to increase the dynamic range of digital
assays without sacrificing precision and using orders of magnitude fewer compartments'?>.
Rather than an array of identical compartments, the authors proposed an array of compartments
whose volumes form a geometric series. They argued that a classic digital assay gathers a large
amount of information from a small dynamic range, while for a sequence of compartment
volumes the amount of information gathered is constant over a larger range. Not all the
compartments provide relevant information in this method; those with a critical concentration
furthest from the input will have probabilities close to zero or one. However, an “active stripe” of
compartments which have a probability significantly different from zero or one offer more
information than the same number of identical compartments. Based on statistical modeling and
simulation, Debski et al. estimated that a modified digital assay could measure 4 orders of
magnitude and a maximum standard deviation of 10% using 192 compartments. Meanwhile, a
classical digital assay would require 2000 compartments to achieve the same dynamic range. The
authors identified a weakness in their assay design, that manufacturing minute compartments
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with volumes differing by 1% could be expensive and error prone. As an alternative, they
determined that using multiple copies of a series compartments with a larger geometric factor
would still allow a reduction in total number of compartments, while simplifying

manufacturing'?>.

Rissin and colleagues proposed a combination of digital and analog (signal intensity)
quantification approaches, depending on the portion of active partitions. For arrays with above
10% active partitions, Poisson statistics were used to estimate the average enzymes per partition.
Use of this method maintained linearity and precision until about 70% of the partitions were
active. At this level, the average fluorescence intensities of the active partitions were measured
and used to estimate the number of enzymes. The authors noted that enzymes demonstrate
significant heterogeneity in their activity, and thus it was not possible to determine the exact
number of enzymes in each partition. The average intensity per enzyme was determined by
measuring a calibration array where partitions have at most one enzyme active — averaging the
intensity of thousands of partitions reduced the impact of the static heterogeneity. The dynamic

range for the detection of SBG was increased from four to six orders of magnitude!'?’.

2.3.2 Binding Site Modification

Instead of modifying the sample, the affinity binders themselves can also be modified. Two or
more binders with different affinities can be used in a parallel assay or combined to obtain a
single assay with an extended dynamic range. If different signals are used (i.e., different
fluorophores) then sensitivity is maintained across the new range. Alternatively, the same
detection signal can be used to obtain a wider dynamic range without requiring more complex

optics3®123.126,

For some common biological targets, there are already multiple binders with a range of affinities
to choose from. However, it may be possible to alter an existing binder to systematically tune its
affinity to be higher or lower. In this section we will discuss methods to directly modify the

affinity of antibodies, nucleic acid probes, and aptamers.
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Antibody affinity modification

The binding site of an antibody achieves high affinity through avidity — it contains many smaller
binding sites which recognize different parts of the same epitope. Changing one amino acid for
another in the binding site will have the effect of disrupting one or more of the binding sub-sites.
In some cases, a single amino acid substitution can completely eliminate the antibody’s affinity
for its target'?’. In other instances, substitution of an amino acid for one with a different side
chain can tune the affinity. For example, in 1993 Jim Xiang and colleagues used site-directed
mutagenesis to alter a single amino acid in the heavy chain of a chimeric antibody'?®. With the
native amino acid, a histidine, the antibody had a measured dissociation constant of 1.7 nM.
However, substitution with glutamine or asparagine, amino acids with polar sidechains,
decreased the Kp to 0.63 nM. Substitution with isoleucine or other hydrophobic amino acids
increased the Kp to 5.0 nM'?8, More recently, critical binding sites have been identified through
crystallography or serial substitution and then targeted for random mutagenesis'?%!30. This
targeted approach, using structural knowledge, allows for a more systematic method. With a
sufficiently large mutation library, this method can achieve affinity improvements of up to 1000-

fold!%.

Nucleic acid affinity modification

The binding of nucleic acid strands is functionally different from that of antibodies and their
antigens'3!. The latter relies on a precise steric fit between binding domains, and a single
mismatched element produces a significant increase in free energy of binding. In contrast,
nucleic acids bind through a “zipper”” model rather than a “lock and key” model. A single
mismatched base pair results in a small but tolerable energetic penalty, and the incorrect probe
and target achieve equilibrium at the same rate as the perfect match!3!. Thus, the introduction of
one or two isolated mismatches can be used to reduce the affinity of a probe and alter its
dynamic range. Mariottini et al. demonstrated a 5-fold affinity shift by introducing a single
mismatch to their DNA probe!?2. The combination of these probes could be used to achieve a
total dynamic range of 3 orders of magnitude. However, it is important to note that this only
applies to linear nucleic probes!3?. For probes that form a hairpin or stem-loop, this secondary

structure is more energetically favourable than the duplex with the mismatched target, though
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less favourable than pairing with the perfect target. Complete hybridization to the mismatched

target will not occur for such a probe!33.

Aptamer affinity modification

Aptamers, as described in section 2.2.3, bind to their targets through secondary and tertiary
structures. Aptamers undergo extensive affinity enhancement as part of their development
process'3*; however, they are limited by the use of only four nucleic acids®!*2. SOMAmers (Slow
Off-rate Modified Aptamers) were developed which incorporate deoxyuridine bases with
modified side chains to expand their chemical diversity. In particular, the addition of side chains
with aromatic characters was found to enhance affinity most significantly!3® — this is a motif that
appears in some amino acids but is absent in DNA®2. For example, the affinity of an aptamer
against GA733-1 was improved by more than an order of magnitude through SELEX using
modified bases. The incorporation of different modified bases can reliably generate aptamers
with affinities in the nanomolar to picomolar range. After SELEX, the affinity of an aptamer can
be modified by swapping out individual modified bases for each other'3>. If the crystal structure
is known, targeted substitution can increase or decrease the apparent affinity by an order of

magnitude'?S.

2.3.3 Apparent Affinity Modification

An alternative to direct modification of the affinity binder is the modification of their apparent
affinity, such that they behave like a binder of higher or lower affinity. Adaptations of this kind
can be found readily in nature and have been replicated in vitro. In this section we will discuss

competitive binding, dynamic regulation, and entropic modulation.

Competitive Binding

Competitive binding assays, as described previously, are often used when only one antibody for
an analyte is available. However, modifying the concentration of the competitor can also be used
to shift or extend the dynamic range. For example, Hartmann et al.” designed a combined
competitive and sandwich assay in order to quantify an expanded concentration range of human
IgG antibodies in serum. A competitor human IgG, labelled with Cy3, was added to the sample.
Spots of antihuman IgG were printed on a slide and then incubated with the sample. The slide

was washed, incubated with Cy5-labelled antihuman antibodies, then imaged. By comparing the
38



ratio between the two fluorescent signals, the authors were able to determine the concentration of
human IgG in the original sample over two orders of magnitude. Next, they tested the effect of
varying the competitor IgG concentration between 0-10 mg/L. Increasing the competitor shifted
the detection curve towards higher concentrations of the target, while decreasing the competitor
concentration shifted the curve to lower target concentrations. The resulting detection curves had
a total dynamic range of 5 orders of magnitude. Thus, combining competitive and sandwich

assay methods permitted tuning of the detectable range without altering the assay dynamics’.

Dynamic Regulation

Those accustomed to working with antibodies may assume that all affinity binders have a static
form until they are degraded. However, many natural and synthetic affinity binders such as
aptamers, molecular beacons, and enzymes exist in a state of dynamic equilibrium where
molecules shift spontaneously between a binding-competent and a non-binding state!3’.
Researchers have proposed leveraging this property to alter the apparent affinity of the binding
reaction. Methods of altering this binding/non-binding state equilibrium often involve changing
the length/stability of a stem-loop nucleic acid structure*”>'37-141 though aptamer complementary
strands have also been used to sequester the affinity binder in a non-binding state'#>'43, Some
techniques further incorporate additional molecules that inhibit or facilitate transition from the
non-binding to binding-competent state as a replication of allosteric regulation that occurs in
biological systems!3%13%141 - Apparent affinity shifts of up to three orders of magnitude have been
achieved, albeit often with a loss of signal window, and by extension loss of precision of the

calibration curve?*7-138:141,142

For example, Alessandro Porchetta and colleagues'*® modified an aptamer for cocaine to alter its
apparent affinity. The aptamer folds into a three-way junction upon interaction with its target, as
shown in Figure 13A. By changing the sequence and length of each of the arms the authors were
able to change the stability of the aptamer. This resulted in a shift in the binding affinity from 0.5
UM (parent) to 23, 82, and 1390 uM (Figure 13B). However, they were unable to establish a
systematic approach to design the modifications, instead relying on “hit-or-miss”

methodology!3®

. As an alternative, the authors explored allosteric inhibition. Allostery is a
control pathway wherein a molecule binds to the receptor at a location other than its target-
binding site and either prevents it from reacting with the ligand or facilitates binding. In this
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case, the authors added a short DNA strand complementary to a segment of the cocaine aptamer.
The inhibiting strand stabilized the aptamer in its open form, which the authors theorized would
shift the aptamer population towards the non-binding state (Figure 13C)'*%. The affinity of the
inhibiting strand for its allosteric site was modulated by altering the number of bases
complementary to the aptamer. By changing the length and concentration of the inhibitor, the
authors observed a shift of the apparent binding affinity of the cocaine aptamer from 0.5 pM to

2.9, 19, and 235 uM (Figure 13D)"38,
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Figure 13: Modification of the apparent affinity of a cocaine aptamer. A)
Conformational selection binding mechanism, B) The apparent affinity was
modified by altering the stability of the “closed” state, C) Inhibitor binding

pathway, D) The apparent affinity was modified by increasing the inhibitor strand
length. Only normalized data without error bars are presented, so assessment of the
effect on the signal window or variation are not possible. Adapted from Porchetta
et al'38.

However, the mechanism for the transition between the non-binding and binding-competent
states is not as simple as it seems!4*!44 Based on the names commonly given to the states, one
might assume that a molecule in the non-binding state is incapable of specific interaction with
the target. By changing the equilibrium between the two states, the portion of affinity binder
sequestered in the non-binding state changes, and its effective concentration increases or
decreases. Considered from the perspective of a single molecule, the likelihood of binding is
affected by a new term: the probability that the molecule is in the binding-competent state when

it encounters a target. As a result, the measured on-rate and the apparent affinity decrease
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compared to a static molecule (recall that K, = K57 /k,p). This mechanism is referred to as the
conformational selection pathway (Figure 14, top)'43:144. The alternative is the induced-fit
mechanism (Figure 14, bottom), wherein the target molecule interacts with the affinity binder in
its so-called non-binding state and induces it to shift to the binding-competent state and/or
stabilizes this conformation'#*. The likelihood of unbinding gains a new term: the probability that
the molecule shifts back to the non-binding state if the target unbinds momentarily. As this

probability increases, the measured off-rate does as well, thereby decreasing the affinity.

Non-Binding Binding-Competent Bound State

State State
Conformational
Selection

Induced fit
Figure 14: Binding transition mechanisms. (Top) The affinity binder spontaneously
shifts from the non-binding to the binding-competent state and then interacts
specifically with its target. (Bottom) The target interacts with the affinity binder in
its non-binding state and stabilizes its transition to the binding-competent state.
Reproduced from Munzar et al.'*?
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For most affinity binders, both the induced-fit and the conformational-selection pathways are
occurring'*. Which one dominates depends on the system and the reaction conditions. For
example, consider a simple stem-loop molecular beacon that binds a linear target strand (Figure
15A). At low reaction temperatures the stem opening process is the rate-limiting step — the target
binds easily to the loop of the molecular beacon, and then must compete with the stem to fully
hybridize (Figure 15B, dashed line)!*. The stem sequence has a relatively small effect on the
rate of strand displacement compared to stem length!33:143:146 5o in this condition the induced-fit
pathway dominates. By comparison, at high temperatures the binding of the target to the
molecular beacon is the rate limiting step due to the rapid melting of individual base pairs
(Figure 15B, dotted line)!*3. The target will thus preferentially bind to molecular beacons in the
open position, where base zippering can occur more quickly. In this case, the conformational-

selection pathway dominates.
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Figure 15: Hybridization mechanisms of a molecular beacon, in terms of A)
Potential energy, B) Free energy of the reaction. At high reaction temperatures
(dotted line) the binding of the target to the beacon is the rate-limiting step, and the
conformational-selection pathway dominates. Meanwhile at low reaction
temperatures (dashed line) the opening of the stem-loop structure is the rate-
limiting step, and the induced fit pathway dominates. Adapted from Peng and
Tan'33,

The dominant transition mechanism has consequences for modification of the apparent affinity.
Systems in which conformational selection dominates have been shown to be sensitive to the
non-binding/binding-competent equilibrium'#, allowing intuitive apparent affinity tuning. The
effect of changing the binding state equilibrium on induced-fit-dominant systems is more
difficult to predict. In some cases it has been shown to result in narrowing of the signal window
without a significant change in apparent affinity'**. An assessment of commonly used aptamers
found that the cocaine DNA aptamer presented earlier in this section is conformational-selection-
dominant. Meanwhile, the cocaine RNA aptamer, RNA and DNA ATP aptamers, and thrombin
DNA aptamer are all induced-fit-dominant'#. Although this list represents a small subset of
aptamers used, it suggests that the induced-fit mechanism is widespread. This phenomenon limits
the opportunities where altering the non-binding/binding-competent equilibrium can be used to

tune the apparent affinity.

However, it is still possible to alter the apparent affinity of an induced-fit-dominant aptamer.
Rachel Armstrong and Geoffrey Strouse located an ATP aptamer within a stem-loop structure

and demonstrated its binding affinity could be altered'*°. The same aptamer, originally developed
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by Huizenga and Szostak!*’, was shown to bind two ATP molecules through the induced-fit
mechanism when duplexed'®. Armstrong and Strouse observed that when more of the aptamer
sequence was located in the stem, the apparent affinity decreased, with a maximum shift of 3
orders of magnitude. The authors determined that the change in Kp correlated with the free
energy of the duplexed aptamer sequence, and not that of the stem!*°. This indicates that the
aptamer binds ATP through the induced-fit mechanism, and that the apparent affinity can be

tuned by increasing competition between the ATP and the duplexed stem.

Entropic Modulation

The concept of entropy appears in many areas of science and is broadly defined as being a
measure of the randomness, or disorder, of a system. In biophysics, several different aspects of
entropy are considered — we will focus on conformation entropy. Conformational entropy is a
measure of the total number of positional states that a molecule can occupy. For instance, a
stable globular protein has low conformational entropy, while an unfolded polypeptide has high
conformational entropy'#%. Processes that decrease conformational entropy, such as the folding
of a polypeptide chain into a globular protein, are often thermodynamically unfavourable. In

other words, they are less likely to occur spontaneously.

Protein domains having high conformational entropy, known as intrinsically disordered proteins,

are commonly found in natural systems'#8

. They are often present in multi-domain proteins,
where they act as flexible linkers connecting binding domains'#’. In section 2.3.2 we discussed
how antibodies use avidity — the combined affinity of multiple binding sub-sites — to achieve
high apparent affinity. Similarly, multi-domain affinity binders produce high-affinity interactions
by connecting two or more binding domains that have moderate-strength interactions with the
same target via an intrinsically disordered linker. When one binding domain binds to its epitope,
the encounter rate between the other domains and their epitopes is increased due to the
connection, improving the likelihood that they will also bind. The impact of the linker can be
expressed in terms of effective concentration — the concentration of the other binding domain(s)
that would produce the same encounter rate in the absence of the linker (Figure 16A)'4-151, At
the same time, the apparent off-rate of the multi-domain binder is decreased: if one domain
unbinds it is held in proximity by the linker and may rebind to its epitope before the second

domain unbinds'#131.152 Recalling that Kp=Kofi/kon, reduction of the off-rate results in an
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enhancement of the apparent affinity. The magnitude of the affinity enhancement can be
understood in terms of entropy!3%152153_ The disordered linker has many degrees of freedom, and
thus a high conformational entropy. Binding of both domains constrains the linker (Figure 16B),
incurring an entropic penalty that decreases the favourability of polyvalent binding. The entropic
penalty of binding increases with the linker’s length and flexibility, decreasing the apparent
affinity (Figure 16C). An affinity binder with a sufficiently long/flexible linker will theoretically

never achieve polyvalent binding to the same target molecule!3152,
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Figure 16: Conceptualization of a bivalent affinity binder with two binding domains
(orange) linked via an intrinsically disordered domain (blue) binding to its target
(green). A) The linker increases the effective concentration of the unbound domain
by limiting its diffusion volume, increasing its apparent affinity. B) Bivalent

binding constrains the linker, incurring an entropic cost. C) Increasing the length
and flexibility of the linker increases the cost of binding, decreasing the apparent

affinity.
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Using the principle of avidity, synthetic high-affinity binders against HIV virions -, protein

molecules!#- 131154155 "and DNA targets'*>!°* have been developed by connecting affinity
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binders with a flexible or semi-flexible linker. However, systematic design of apparent affinity
enhancement requires the application of a mechanical model for the flexible linker. The apparent

affinity can be calculated as

Kp1 X Kpp,

9

KD,apparent = C o
e

Where Kp,; and Kp,> are the monovalent affinities of the binding domains, and Ces is a theoretical
parameter defining the effective concentration produced by the linker. Cey represents the linker’s
conformational entropy, expressed in terms of the number of positions the linker can occupy. To
derive this expression, the flexible linker is commonly modeled as a freely-jointed chain (Figure
17A)132152 or a wormlike chain (Figure 17B)">"13  though more complex models have also been

proposed'®.

A) Freely-jointed chain B)  Wormlike chain

L

W

Figure 17: Conceptual representations of simple linker models. A) Freely jointed
chain, having rigid links of length L. B) Wormlike chain, having a persistence
length of Iy (not shown) defined as the maximum length over which two tangents (ti,
tj) are correlated. Adapted from Anderson and Granzier'>S.

The effective concentration produced by a wormlike chain is defined as the Probability Density
Function (PDF) for its end-to-end vector, which is derived from statistical mechanics'>’. The

PDF has been expressed as follows!>!:138:
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Where r is the end-to-end vector, /, is the persistence length and /. is the contour length of the
linker. The effective concentration is calculated by evaluating the PDF for the end-to-end vector
of the linker to have a distance equal to the distance between the binding sites on the target, do.
The distribution of p(r) is not uniform, due to the varied conformational entropy of each position.
For example, only a single conformation (full extension) allows the linker to adopt »=/.. Huan-
Xiang Zhou validated this model by comparing it to published experimental results for bivalent
affinity binders and found good agreement'>!. Evaluating the model for a polypeptide linker,
Zhou estimated that the value of Cey could vary by more than 4 orders of magnitude (Figure 18).
However, the distance between binding sites has a significant impact: the affinity of a system
with a very short do cannot be modified more than one order of magnitude, even with a very long

linker (Figure 18, d, = 104)'5,
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Figure 18: Change in effective concentration based on linker length (L, number of
amino acid residues) and binding site separation (do). Reproduced from Zhou'>'.

The equation for the effective concentration produced by a freely-jointed chain was also derived

from statistical mechanics!*. It is commonly expressed as follows!32152:
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Cepr(d) = W<§) e 2(LVN) (11)
Where L is the length of a chain segment, N is the total number of segments, d is the root-mean-
square distance between the linker ends, and p is a volume exclusion factor. The unbound
domain of the bivalent affinity binder is assumed to be able to access a sphere with radius equal
to its contour length (Figure 16A). However, the linker and the target cannot occupy the same
volume, which increases the effective concentration'. For instance, if the accessible volume is
limited to a hemisphere, then the probability of the linker adopting the remaining conformations
is doubled (p=2). Vijay Krishnamurthy and colleagues'*? validated the model for a target
(sulfonamide) attached to the surface of a receptor protein (human carbonic anhydrase II) via an
ethylene-glycol linker of 0 to 20 monomers. They observed good agreement between their data
and the model, albeit using a volume exclusion factor of p=0.12 — much lower than the indicated
minimum value of one. Moreover, the authors measured a change in apparent affinity of more
than 1.5 orders of magnitude!3?. Davide Mariottini and colleagues subsequently validated the
freely-jointed chain model for a system consisting of two single-stranded DNA binding sites
connected via a poly(T) linker, and for an ATP aptamer split into two fragments and linked via a
poly(T) linker (Figure 19A)'*2. They also found good agreement with the model, using volume
exclusion factors of p=0.0016 and 0.19 respectively for their two systems. The lack of
consistency between values of p indicates that it is correcting for unknown factors, such as steric
hindrance or electrostatic charge. Nonetheless, the authors were able to shift the apparent affinity
of the split aptamer more than one order of magnitude by increasing the linker length from 4 to

70 nucleotides (Figure 19B)!32,
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Figure 19: Entropic modulation of the apparent affinity of a split ATP aptamer. A)
representation of the split ATP aptamer. B) Binding curves generated using linkers
from 4 to 70 nt, demonstrating a shift in apparent affinity Adapted from Mariottini

et al.!3?

2.4 DNA as a Nanoscale Scaffold

In sections 2.2 and 2.3 we discussed how, in addition to carrying genetic instructions for all
organisms, DNA can be used as an affinity binder. This application takes advantage of single-
stranded DNA’s highly specific binding to its complementary strand. DNA is also used as a
building block in nano-engineering applications due to the ease of custom synthesis and its

predictable structure and mechanical properties.

Mechanical Properties

In its single-stranded form, DNA exists as a highly flexible linear molecule. The length per
nucleotide of ssDNA has been measured using a number of methods, with results between 0.6-
0.7 nm/base!®%12. The persistence length of ssDNA is dependent on the salt content of the
medium, and has been measured to vary from 1.5-3 nm!'6%-163 with lower values measured at
higher salt concentrations. Some authors find that ssDNA is well-described by the worm-like
chain polymer model'6?, while some argue that the simple chain model is better!32!63, or other

models.
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When DNA forms a double-stranded molecule its properties change significantly. dSDNA forms
a double-helical structure due to hydrophobic and hydrophilic interactions. The coiled dsDNA
has a length per nucleotide pair of 0.34 nm. Its persistence length is between 50-80 nm!64165,
depending on salt conditions. dSDNA is well-described by the worm-like chain polymer

model 6.

Toehold-mediated Strand Displacement

Toehold-mediated strand displacement is a fundamental tool in DNA engineering. The kinetics
of the phenomenon were first characterized by David Zhang!6®. Strand displacement is a reaction
wherein a single-stranded oligonucleotide displaces another to form a duplex with a third strand
(Figure 20A). In some cases, the third strand may have short single-stranded overhang, also
known as a toehold, which the invading strand binds to first and initiates the strand displacement
reaction. Through base breathing — spontaneous breakage and reformation of base pairs within

the double helix, occurring on a scale 10-100ps'66:167

— the invading strand may gradually
displace the existing strand. The branch migration can occur in either direction with equal
probability, though the presence of toehold reduces the chance of the invading strand diffusing
away. Displacement reaction speed is affected by both the length of the toehold and its sequence.
Generally, longer toeholds and those with a higher G/C content achieve higher displacement

rates, though this effect saturates at between 5 and 9 nucleotides (Figure 20B)!6°,
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Figure 20: Toehold-mediated strand displacement A) Branch migration mechanism.
The invading strand (green) binds to a toehold region on the substrate strand
(blue). The invading and incumbent strand (red) then trade places through
spontaneous breakage and reformation of base pairs. Once the incumbent strand
has completely displaced the incumbent strand, the latter may diffuse away. B) Rate
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of displacement reaction vs. toehold length. S represents a toehold with roughly
equal A/T and G/C content, while Sw is mostly A/T and Ss is mostly C/G. Adapted
from Zhang and Winfree!®.

2.4.1 Molecular Beacons

Molecular beacons are nucleic acid probes that detect the presence of a target strand via
hybridization®®. The probes consist of a single-stranded DNA oligonucleotide that adopts a stem-
loop secondary structure in solution. The ends of the probe are labelled with a fluorophore and
quencher pair, such that in the closed position fluorescence emission is at a minimum. The loop
portion of the probe has a sequence that is designed to be complementary to a target strand.
When the probe binds to its target it causes conformational changes that open the stem portion,

allowing fluorescence emission (Figure 21)38,
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Figure 21: Representation of the basic principle of molecular beacons. A stem-loop
probe (left) undergoes a conformation change on binding to its target. This change
separates a fluorophore and quencher. Increased fluorescence emission is used as

an indicator of binding. However, in practice the stem-loop probe is not stable, and
fluorescence can be detected in the absence of binding. Reproduced from Zhu®®

The unbound probe is not static, but instead fluctuates spontaneously between the open and
closed states. Depending on the probe design and assay conditions, the target may either induce
the stem-loop structure to melt or bind to the probe only when it fluctuates to the “open”
position'3*143, The stability of the stem portion, and thus the probability that the probe is found in
the open configuration, is dictated primarily by the stem sequence!3*. However, the size of the
loop also influences the probe stability: increasing loop size results in an increased entropic

penalty of binding. This is akin to increasing the activation energy barrier between states.

2.4.2 DNA Origami

DNA origami uses the predictable nature of DNA binding to create shapes from the nano-metre

scale to as large as micrometers. These shapes can be used to control surface distribution, or act
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as substrates for drug delivery!®®. The origami molecules make use of dsDNA’s long persistence
length to create rigid trusses. The trusses are then connected in scaffolds, often using triangles as

a base unit, to produce structures with high rigidity over large scales.

DNA origami has been used to produce a range of nano-scale shapes, including 2D polygons'®,

triangular and cubic prisms!”?, tubules of bundled helices reaching micrometer lengths!'®®, and
DNA nano-particles'”!. One of the most commonly used DNA nano-shapes is the tetrahedron,

which is preferred for its ease of design and assembly, as well as its mechanical properties'’2.

DNA tetrahedrons are typically assembled from four strands of equal length!”>!73| though they
can also be assembled from a single strand'7* or multiple strands of unequal length!7>!7>. Small
4-strand tetrahedrons, with side lengths of 30 bp (10 nm) or less, self-assemble within minutes
when the strands mixed in high salt!’>!76, The yield of correctly folded structures, measured via
migration in gel electrophoresis, is upwards of 85%!7>176177 Conversely, there is evidence that
larger, multi-strand tetrahedrons require several hours to reach equilibrium, and achieve yields of
only 20-40% '7. If high purity is required, assembled tetrahedrons can be purified by cutting out
the desired band from the electrophoretic gel, grinding it to a powder, soaking it overnight in

buffer, then filtering to remove residual gel fragments!78,

When tetrahedrons are assembled from multiple strands the sites where the ends meet produce
single-stranded breaks, or “nicks”. Due to the circular nature of the strand assembly, the DNA
sequences can be designed such that the ends of each strand fall at a vertex or in the middle of an
edge. The ends can be ligated, used as linking sites to concatenate multiple tetrahedrons!”?, or
functionalized with different molecules'”’. Functionalization allows the tetrahedrons to be bound
to biosensor surfaces, where they can serve as nano-scale spacers to precisely control the

separation between probes'””.

2.5 Summary

In this chapter we have discussed the broad concentration ranges of biological analytes found in
human blood, and the need to modify an assay’s dynamic range to adequately analyse the targets.
We reviewed important assay parameters, including reaction phase, affinity binders, assay

formulation, and signal transduction. Next, we investigated methods tuning an assay’s dynamic
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range by modifying the sample, the affinity binders, or the apparent affinity. Finally, we briefly

explored the mechanical properties of DNA and its applications as a nanostructure.

Of the methods of dynamic range modification reviewed, we selected entropic modulation for
further investigation. This method has the potential to be used with off-the-shelf affinity binders
and without requiring complex sample manipulation. To date, the use of entropic modulation has
only been demonstrated for simple sandwich assays with limited clinical applicability. The cross-
reactivity-free sandwich assay formats reviewed in this chapter rely on co-assembly (ACM,
ATPS), physical linkage (PLA, PEA), or both (NLISA, CLAMP) to limit false-positive signals.
We chose the CLAMP as our representative complex assay because it shares many similarities
with commonly used commercial assays, and therefore can inform future improvements in many
applications. Finally, we used DNA as the linker due to its utility as both a flexible connector

and a semi-rigid scaffold.

52



3. Materials and Methods

3.1 Materials

Secondary antibodies were purchased from ThermoFisher Scientific (Waltham, MA, USA).
Capture and detection antibodies against [FNy, IL-18, and IL-12 were purchased from R&D
Systems (Minneapolis, MN, USA). Antibodies against DIG were purchased from R&D Systems
(Minneapolis, MN, USA). Dynabeads M-270 Streptavidin, Dynabeads protein G, Zeba spin
desalting columns, dithiothreitol (DTT), sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-
1-carboxylate (sulfo-SMCC), all gel electrophoresis materials and buffers, Pierce silver stain kit,
cytometry tubes, and all well plates were purchased from ThermoFisher Scientific (Waltham,
MA, USA). 10X phosphate buffered saline (PBS), Tween-20, and sodium chloride (NaCl) were
purchased from Millipore Sigma (Burlington, MS, USA). Bovine serum albumin (BSA) was
purchased from Cedarlane (Burlington, ON, Canada). All DNA oligonucleotides were purchased
from IDT (Coralville, IA, USA). Further discussion of oligo purchase specifications and
purification can be found in section 3.7. A complete list of oligos used can be found in the

appendix (section 7.2).

3.2 CLAMP Fabrication and Assembly

The Colocalization-by-Linkage Assay on Microparticles (CLAMP), previously developed by the
Juncker lab?, was used as a starting point for testing of colocalized bead assays (CBA). The
CLAMP probes are assembled from several different components. This section will discuss the

fabrication of each component and steps to combine them.

3.2.1 Antibody-oligo Conjugation

Monoclonal antibodies were conjugated to thiol-modified oligonucleotide linkers (“hook”
oligos) and then purified. These were subsequently pulled down onto functionalized
microparticles via the hook oligo. The protocol for fabricating, purifying, and quantifying the

antibody-oligo conjugates is detailed below.

Hook oligos with 5’ thiol modifications were acquired from IDT. These oligos were diluted to 30
uM in reducing buffer (PBS 1X + 0.05% tween-20 + 250 mM dithiothreitol (DTT)) and

incubated for 1 hour at 37°C. After reduction, the oligos were buffer exchanged to PBS 1X using
53



a Zeba desalting column (7K MWCO, ThermoFisher Scientific) to remove the excess DTT.
Sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (sulfo-SMCC) dissolved
in PBS at 9 mM was then added to the reduced oligos at 60-fold molar excess, and the mixture
was incubated for 10 minutes at room temperature to activate the oligos. The oligos were then
buffer exchanged to PBS 1X using a Zeba desalting column to remove the excess sulfo-SMCC.
The activated oligos were distributed to tubes containing 10 uL of 1 mg/mL IgG antibodies, at a
final DNA-to-Antibody ratio of 1.4. The conjugation mixtures were incubated for 30 minutes at
room temperature, then overnight at 4°C. Following this incubation, the antibody-oligo
conjugates were diluted 10-fold and transferred to a new tube. 2 pL of each diluted sample was
reserved for evaluation via gel electrophoresis, while the rest was mixed with Protein G-coated
beads (Dynabeads™ Protein G, Invitrogen) according to the manufacturer’s protocol. The
mixture was incubated for 45 minutes at room temperature with end-over-end rotation to isolate
the antibodies, conjugated and unconjugated, from the unreacted oligos. The beads were washed
3 times (PBS 1X + 0.1% tween-20) to remove the unreacted oligos. The contents were then
transferred to a new tube to avoid eluting oligos adsorbed to the tube surface. The beads were
washed once with PBS 1X to reduce foaming, resuspended in 30 pL of elution buffer (50 mM
glycine pH 2.7), then incubated for 2 minutes with pipette mixing. The beads were then pelleted
and the eluant transferred to new tubes containing 3 pL of neutralizing buffer (2M TBS pH 8).
The beads were resuspended in elution buffer and the process was repeated, with the eluant
added to the same neutralizing tubes, to ensure complete elution of antibodies. The purified

antibodies were stored at 4°C until further use.

Quantification by Gel Electrophoresis

The reserved antibody-oligo conjugate was diluted in LDS sample buffer (NuPAGE, Novex) and
incubated on a 70°C heat block for 15 minutes, then cooled to room temperature for 15 minutes.
A 3-8% NuPAGE Tris-acetate pre-cast gel (Novex) was prepared according to the
manufacturer’s protocol using SDS running buffer. The samples were loaded into the gel, and the
system was run at 150V for 1 hour. After completion of the electrophoresis, the gels were
removed and stained with silver staining (Pierce™ Silver Stain, Thermo Scientific). The
intensity of each band was determined using Fiji'” and used to estimate the ratio of conjugated

to unconjugated antibodies. The concentration of monovalent and multivalent-conjugated

54



antibodies was determined, based on the initial concentration of antibodies added to the

conjugation reaction.

Following the results of the gel electrophoresis analysis, the conjugation efficiency was
classified as low, medium, or high. The quantity of barcoded beads to be mixed with the

conjugated antibodies was empirically adjusted based on this determination.

3.2.2 Microparticle Barcoding

Streptavidin-coated superparamagnetic microparticles served as the substrate for the CLAMP

probe. The beads were functionalized with DNA and antibodies using the following procedure.

Biotinylated capture and spacer oligos, and fluorescently labelled barcoding oligos were acquired
from IDT. The barcoding oligos contained one of Atto-488, Cy3, Cy5, CyS5.5, or no dye. Each
CLAMP species was assigned a spectral barcode made up of a ratio of the four dyes, designed
with consideration of the Forster resonance energy transfer!®’. The capture and spacer oligos
were each diluted in barcoding buffer (PBS 1X + 0.05% tween-20 + 300 mM NaCl) to 10 uM
and mixed with each of the barcoding oligos at 10% excess. These capture- and spacer-dye
stocks were then annealed by incubating them on a 70°C heat block for 5 minutes, and then
cooling to room temperature for at least 15 minutes. At all times, the dyes were protected from
light exposure using foil. The capture and spacer oligo solutions for each dye were then mixed at
a ratio of 2:7. Next, 90 pmol of DNA (containing the desired ratio of fluorophores) was mixed
with 6.7 pmol of biotinylated antibodies and buffer was added to make 25 pL of barcoding
solution. For example, a barcoding mixture might contain 10 pmol of Atto-488 coder and 80

pmol of blank coder. These would be evenly distributed between the capture and spacer oligos.

Meanwhile, ~3.25 million beads (Dynabeads™ M-270 Streptavidin, Invitrogen) (5 pL of bead
stock) were washed three times (PBS 1X + 0.1% tween-20) and then resuspended in 25 pL of
barcoding buffer. The beads were added to the barcoding mixture, mixed at least 10 times with a
pipette, then rotated end-over-end on a rack for 1.5 hours at room temperature. During
incubation the beads were protected from light exposure using foil. Following incubation, the
beads were washed three times and then resuspended in the washing buffer at a final

concentration of 10,000 beads per puL. The beads were stored at 4°C in the dark until further use.
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3.2.3 Hook Oligo Pulldown

The barcoded beads were resuspended in 10 pL. of PBS 1X + 300 mM NaCl and mixed with 20
uL of purified conjugated antibodies. The number of beads used was determined based on the gel
electrophoresis results as noted previously. The contents were mixed at least 10 times with a
pipette, then rotated end-over-end on a rack for 1.5 hours at room temperature. During
incubation the beads were protected from light exposure using foil. Following incubation, the
beads were washed three times (PBS 1X + 0.1% tween-20) and then resuspended in the washing
buffer at a final concentration of 10,000 beads per pL. The completed CLAMP beads were stored
at 4°C in the dark until further use.

3.3 Colocalized Bead Assay

3.3.1 Blocking

The fully fabricated colocalized bead assay (CBA) probes were retrieved from storage, and the
required amount of each type was pooled in a single tube. The buffer was exchanged to the
blocking buffer (PBS 1X + 0.05% tween-20 + 150 mM NaCl + 0.5% BSA) and mixed
vigorously with a vortex mixer for at least 2 seconds. The beads were then incubated for 1 hour

at room temperature, during which they were rotated end-over-end and protected from light.

3.3.2 Assay

Aliquots of the desired target antigens were defrosted, pooled, and serially diluted in assay buffer
(PBS 1X + 0.05% tween-20 + 0.5% BSA). The diluted antigens were held on ice until the

blocking process was complete.

After blocking, the tubes containing beads were spun on a benchtop microcentrifuge for at least 5
seconds to retrieve droplets stuck to the cap. The buffer was then exchanged to the assay buffer,
and the beads were distributed to a 96 well plate (Eppendorf LoBind PCR plate). Approximately
2000 beads in 25 pL of buffer were added to each well, and the bead stock tube was vortexed for
one second between each pipetting step. 25 pL of the antigen solution was added to each well,
and the contents were pipette mixed at least 10 times. The well plate was then incubated on a
covered orbital shaker at 950 rpm for either 3 hours at room temperature or overnight at 4°C.

These conditions had previously been shown to produce nearly identical results'8!.
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Assay Wash and Displacement

After incubation with the sample, the beads were washed 4 times (PBS 1X + 0.1% tween-20)
using either a manual pipette or an automated liquid handler. The beads were then resuspended
in displacement buffer (PBS 1X + 0.05% tween-20 + 450 mM NacCl). Displacer oligos were
diluted in displacement buffer and added to the wells at a final concentration of 10 pM. The
contents of the wells were pipette mixed at least 10 times, then incubated on a covered orbital
shaker at 950 rpm for 30 hours at room temperature. After incubation, the beads were washed 4
times using either a manual pipette or an automated liquid handler. The plate was covered in

adhesive foil and immediately stored on ice for transportation to the flow cytometer.

3.3.3 Cytometry Measurement Protocol

Flow cytometry was performed using a BD LSR Fortessa (BD Biosciences). Unlabelled
streptavidin-coated beads and rainbow fluorescent particles were measured at the beginning of
each session as a calibration. Gain values were adjusted manually to locate the fluorescence
peaks within the machine’s linear range (< 10° rfu). The foil covering the well plate was pierced
with a sterile syringe, and a pipette was used to resuspend and then remove the contents of each
well. The beads and buffer were transferred to a clean cytometry tube, vortex mixed, and
introduced to the sample injection port (SIP). To limit bleaching and complex dissociation, the
well plate was kept on ice throughout the measurement process and only one well was
transferred to a cytometry tube at a time. Each tube was held on the SIP for 70 seconds or until
500 beads were measured for each bead set. Due to the large number of manual steps, flow

cytometry could take several hours for a single assay.

3.4 Colocalized Bead Assay Analysis

The unprocessed cytometry data were visualized in FlowJo (BD Biosciences). The spectral
barcodes were decoded manually, and the median fluorescence intensity (MFI) and bead-to-bead
coefficient of variation (CV) data of each well were exported for further analysis. The data were
imported into Excel (Microsoft Suite) and separated based on target. Wells where less than 100
beads per bead set were collected were excluded, as the results were not considered accurate’.
The well-to-well CV was calculated and used to detect outliers; conditions with a CV > 20%

were flagged and assessed visually. If one replicate differed substantially from the others, and its
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removal reduced the CV below 20%, then it was labelled an outlier and removed from analysis.
If one replicate could not be identified as an outlier, then all were retained. In the case of
multiplexed assays, a replicate labelled as an outlier for one target was removed from analysis of
all targets. Review of the fluorescence intensity histograms often indicated that these outlier
wells had a bimodal distribution, suggesting the beads had non-uniform exposure during the

assay.

The retained data were averaged and plotted using MATLAB (Mathworks) and fitted with a 4-

parameter logistic regression of the form
A-D
*\B
1+ (g)

where A4 and D are the maximum and minimum asymptote, respectively, B is the Hill slope, and

y=D+ (12)

C is the inflection point. The curve-fitting program was written by G. Cardillo'®2. Changes in the
dynamic range were evaluated based on the dissociation constant, Kp. This value was assumed to
be equivalent to the inflection point, C, which is true when the overall amount of the target in

solution is not significantly depleted by binding to the probe*.

In some cases, the binding data demonstrated high heteroscedasticity, with standard deviation
values at high concentrations 100-fold larger than those at low concentrations. The 4PL curves
fitted to these datasets were found to have a poor fit of the lower end of the dynamic range, as
assessed by visual inspection. In these cases, a weighting function of 1/Y or 1/Y”2 was applied

following the protocol devised by Xiang et al'83.
3.5 Modified Colocalized Bead Assays

3.5.1 Colocalized Bead Assay with Stiffened Linker

To test the effects of stiffening the flexible linker, CLAMP beads were assembled as described in
section 3.2. Oligos complementary to the hook oligo were incubated with the fully assembled
CLAMP beads, and then the rest of the assay followed the method described in section 3.3. The

stiffening oligo addition method is described in detail below.
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Oligos measuring from 10 to 45-nt were purchased from IDT (Coralville, lowa). These stiffening
oligos were diluted to 2 pM in a high-salt buffer (PBS 1X + 0.05% tween-20 + 450 mM NaCl).
Meanwhile, the beads were retrieved from storage and the required amount of each was pooled
in a single tube. The combined beads were then split into pools and resuspended in the high-salt
buffer. A different stiffening oligo was added to each pool, and the contents pipette mixed at
least 10 times, for a final oligo concentration of 1 uM and bead concentration of 1000 beads/pL.
The beads were then incubated for 1 hour at room temperature, during which they were rotated
end-over-end and protected from light. After incubation, the beads were washed three times
(PBS 1X + 0.1% tween-20) and then either used immediately or stored overnight in the wash
buffer at 4°C.

In the preliminary experiment, 4 antigen concentrations were tested to limit the number of wells
to be measured. Our group had previously found that excessively long experiments produced
variations between the first and last wells measured. The concentration conditions were selected
based on standard curves generated for these targets in a previous experiment using the same
batch of beads. The conditions represented points of “low”, “middle”, and “high” signal on the

standard curve, plus a blank buffer condition.

3.5.2 Colocalized Bead Assays using DIG Molecules as Affinity Binders
3.5.2.1 Fabrication

Digoxigenin (DIG) molecules were used as the capture and detection affinity binders for a new

CBA. An anti-DIG antibody was used as the target.

DIG-conjugated oligos were acquired from IDT. The DIG-hook strand was identical to the
original hook oligo, but with a DIG molecule in place of the thiol group. The DIG-surface strand
had the same sequence as the barcoding oligos, but at the 5’ end a five-nucleotide spacer was
added followed by a DIG molecule. The barcoding protocol described in section 3.2.2 was
followed, with the following modifications. During the annealing step, the DIG-surface strand
was annealed with the spacer oligo using the same method as for the barcoding oligos. However,
unlike the barcoding oligos, the DIG-surface strand was not also annealed with the capture oligo.
After annealing, the capture/dye and spacer/dye duplexes and the spacer/DIG-surface duplex

were mixed at a pre-determined ratio. In total, 90 pmol of DNA were combined in 25 pL of
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buffer. For example, a barcoding mixture might contain 30 pmol of capture/coder duplex, 30
pmol of spacer/coder duplex, and 30 pmol of spacer/DIG-surface duplex. Only the duplexes
including the barcoding oligos would determine the spectral barcode; of the 60 pmol including
barcoding oligos, 54 pmol might contain the blank coder strand and 6 pmol contain the Cy3-
conjugated strand. The full set of surface ratios and associated barcodes is shown in Table 1. The
rest of the barcoding protocol was as described in section 3.2.2, excluding the addition of

biotinylated antibodies.

Table 1: Barcoding mixture for DIG CBA. All units in pmol. No other barcoding
strands were used, and are omitted from the table for space

CO/DIG- SO/DIG- SO/coder Sub-total Blank coder | Cy3 coder
hook content | surface content | content of CO+SO

10 70 10 20 20 0

10 40 40 50 47 3

30 30 30 60 54 6

40 10 40 80 71 9

70 10 10 80 68 12

The method for pull-down of the DIG-hook strand was identical to that described previously for
the antibody hook.

3.5.2.2 Preliminary Assay and QC

Anti-digoxigenin antibodies conjugated to Alexa Fluor 488 were acquired from R&D systems

(IC7520G).

The required amount of each DIG CBA was pooled in a single tube. The beads were blocked as
detailed in section 3.3.1. After blocking the beads were buffer exchanged to washing buffer then
split into three clean tubes. For two of the tubes, the buffer was then exchanged for assay buffer
containing anti-DIG-AF488 antibodies. To limit the time required for this preliminary
experiment, only two concentrations of anti-DIG were used, 800 ng/mL and 800 fg/mL (approx.
5 nM and 5 fM). These concentrations represented a “high” and “low” condition based on

previous assays using CLAMP beads. The beads were mixed at least 10 times with a pipette,
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then both tubes rotated end-over-end at room temperature for 3 hours. The tubes were protected
from light during the incubation. After incubation, the beads were washed 4 times using a
manual pipette and then buffer exchanged to displacing buffer containing 10 nM of displacer
oligo. The beads were mixed at least 10 times with a pipette, then rotated end-over-end at room
temperature for 30 minutes. The beads were washed 4 times then immediately stored in an

icebox for transportation to the cytometer.

At the same time, two quality control tests were prepared. After the blocked CBA beads were
distributed to new tubes, and two were mixed with the assay target, the third tube was stored at
4°C in the dark for 3 hours. The buffer was then exchanged for a QC buffer (PBS 1X + 0.05%
tween-20 + 300 mM NaCl) containing a labelling oligo at 1 uM. The labelling oligo was a 16-nt
strand, entirely complementary to the hook oligo, with a Cy5 fluorophore conjugated to the 5’
end (IDT). This set of beads, referred to as hook QC beads, were incubated and washed per the
standard displacement protocol (section 3.3.2), then stored on ice for transportation to the

cytometer (see section 3.3.3 for cytometry)

The second quality control set was referred to as antibody QC beads. During the fabrication of
DIG CBA beads detailed in section 3.5.2.1, a portion were withheld and did not have the DIG-
hook strand pulled down. For the antibody QC, the required amount of each bead was pooled in
a single tube. The beads were blocked using the same method as the assay condition. Following
blocking, the beads were buffer exchanged to the wash buffer and then stored at 4°C in the dark
for 3 hours. The buffer was then exchanged for QC buffer containing 1 pg/mL of anti-DIG-
AF488 antibodies. The beads were incubated and washed per the standard displacement protocol

(section 3.3.2), then stored on ice for transportation to the cytometer.

At the cytometer, each tube was resuspended using a vortex mixer and then the contents were
distributed to 4 cytometry tubes. The cytometry tubes were held on ice until it was their turn to
be measured, and each was vortexed for at least 2 seconds immediately before being introduced

to the SIP.
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3.5.2.3 Standard Curve Assay

DIG CBA beads were fabricated as described in section 3.5.2.1, using much lower surface- and
hook-DIG content (Table 2). In addition, no barcoding dyes were used. The beads of the first

bead set, having no capture oligo on their surface, did not undergo pull-down of the DIG-hook.

Table 2: Barcoding mixture for DIG CBA. All units in pmol. No barcoding strands
were used, and are omitted from the table for space

CO/DIG-hook surface DIG SO content Sub-total of Blank coder
content content CO+SO

0 5 85 85 85

5 5 80 85 85

10 5 75 85 85

The beads could not be pooled, since they did not have barcoding oligos, so instead the required
amount of each type was added to a separate tube. The beads were blocked following the
standard method in section 3.3.1. After blocking, the buffer was exchanged to the assay buffer.
Meanwhile, an aliquot of anti-DIG-AF488 was defrosted and serially diluted in assay buffer. The
beads were distributed to a 96-well plate, along with the diluted target, following the standard
assay protocol. The well plate was then incubated on a covered orbital shaker at 950 rpm for 3
hours at room temperature. The beads of the second and third bead sets, which contained DIG-
hook, were washed 4 times using an automated liquid handler. The standard displacement
protocol was then followed for these beads. The beads of the first bead set did not undergo
washing or displacement. However, because they were on the same plate, they experienced
magnetic collection along with the other bead sets. These beads were not manually resuspended
with a pipette after magnetic collection, which may have led to insufficient mixing. The well
plate was incubated on a covered orbital shaker at 950 rpm for 30 minutes at room temperature.
After incubation, all the beads were washed four times using the automated liquid handler. The
well plate was stored on ice for transportation to the cytometer and measured as detailed in

section 3.3.3.

Two quality control assays were performed as described in section 3.5.2.2.
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3.5.3 DIG Colocalized Bead Assay with Two Flexible Linkers
Fabrication

A set of capture oligos of increasing length, biotinylated at the 5° end, were acquired from IDT.
Two types of DIG-hook strand were also acquired from IDT. One had 21-nt complementary to
the capture oligo, plus a 9-nt toehold region, and was conjugated to a DIG molecule at the 5’
end. This strand was denoted as the “releasable hook™. The other DIG-hooks had increasing
lengths of complementarity to the capture oligo, from 20 to 50-nt. They were each conjugated to

a DIG molecule at the 3’ end and were identified as the “fixed hook”.

The spacer oligo and each of the capture oligos were diluted in barcoding buffer to 10 uM. The
blank coder strand was added to each tube at 10% excess. These stock solutions were then
annealed by incubating them on a 70°C heat block for 5 minutes, and then cooling to room
temperature for at least 15 minutes. The spacer oligo was mixed with each of the capture oligos
at the ratios shown in Table 3. Very low amounts of the capture oligo were used to increase the
average distance between probe complexes. 90 pmol of DNA from each set was diluted with
barcoding buffer to make 25 pL of barcoding solution. The remainder of the barcoding protocol

was the same as in section 3.2.2, excluding the addition of biotinylated antibodies.

Table 3: Barcoding mixture for DIG CBA with two hook oligos. All units in pmol
unless otherwise indicated.

CO complementary | CO/DIG-hook | SO content Sub-total of Blank coder
length (nt) content CO+SO

20 5 85 90 90

30 5 85 90 90

40 5 85 90 90

50 5 85 90 90

The pull-down step was performed as described in section 3.2.3, except that the pull-down
mixture contained both the releasable DIG-hook and the fixed DIG-hook that matched the

capture oligo used.
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Standard Curve Assay

Unlabelled anti-DIG antibodies were acquired from R&D Systems (MAB75201).

The required amount of each DIG CBA bead type was blocked in a separate tube, following the
standard protocol (section 3.3.1). Meanwhile, an aliquot of anti-DIG was defrosted and serially
diluted. The rest of the assay followed the standard protocol of section 3.3.2, except that the
beads were incubated with the target for four hours at room temperature. Washing was
performed using an automated liquid handler. The well plate was stored on ice for transportation

to the cytometer and measured as detailed in section 3.3.3.

3.5.4 Measurement of anti-DIG Affinity

The DIG CBA beads fabricated in section 3.5.2.1 that had no capture oligo on their surface were
used. These beads were blocked following the protocol in section 3.3.1. Meanwhile, the anti-DIG
antibodies were defrosted and serially diluted in assay buffer. The beads and the antibody targets
were plated as described in section 3.3.2. The well plate was then incubated on a covered orbital

shaker at 950 rpm for 3 hours at room temperature.

After incubation, the beads were washed four times using an automated liquid handler. In the
case of the anti-DIG-AF488 antibodies, the beads were resuspended in the wash buffer and

stored on ice for transportation to the cytometer.

In the case of the unlabelled anti-DIG antibodies, the beads were resuspended in 100uL of assay
buffer. A goat anti-mouse secondary antibody conjugated to Cy5 was diluted in assay buffer and
added to each well for a final antibody concentration of 1 ug/mL. The plate was incubated for 1.5
hours at room temperature on a covered orbital shaker at 950 rpm. The beads were washed four
times and resuspended in the wash buffer. The plate was stored on ice for transportation to the

cytometer.

3.5.5 Calculation of Average Separation Between DNA Strands

According to the manufacturer, 1 mg of M-270 streptavidin-coated Dynabeads (Invitrogen) can
bind 200 pmol of single-stranded DNA. Double-stranded DNA is wider and more negatively
charged, so we estimated that the same mass of beads would bind about 120 pmol of dsDNA. 1
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mg corresponds to 6-7 x 107 individual beads; we used the midpoint for our calculations. In our
current barcoding procedure, we incubate 3.25 x 10° beads with 90 pmol of biotinylated dsDNA.
The surface of the beads should be fully saturated, at 1.11 x 10° dsDNA strands per bead. The
beads have a nominal diameter of 2.8 um; assuming them to be smooth spheres, each has a
surface area of 24.6 um?. Therefore, the surface density of dSDNA is 4.5 x 10* strands/um?. If

the strands are randomly distributed on the surface then the average nearest neighbour distance

can be derived from the Poisson distribution function as {(d) = 1 / o 184 'where o is the density

in 2 dimensions. Since DNA is self-avoiding, the strands will be slightly more ordered than a

true Poisson distribution. For a fully uniform distribution the nearest neighbour distance is

doubled, (d) = 1 / e The actual distribution is likely somewhere between perfectly ordered and

perfectly random, though this has not been characterized for DNA immobilized through
biotin/streptavidin binding. A characterization of the nanoscale distribution of thiolated DNA
bound to a gold surface found that the distribution was only slightly more uniform than a true
random surface'®. Using the Poisson-derived equation and the density derived above, the
average nearest neighbour distance between DNA strands on the bead is 2.4 nm. However, not
all the strands on the bead are identical. In section 3.5.2 we tested a range of capture oligo to
spacer oligo ratios. Assuming that the CO/SO ratio on the bead surface is the same as in the
barcoding mixture, the average distance between neighbouring capture strands varies from 2.7
nm to 7 nm. In section 3.5.3 the capture oligo made up just 5 out of 90 pmol of DNA in the
barcoding mixture. The average distance between neighbouring capture oligos is expected to be

10 nm.

3.6 Liquid-Phase Colocalized Assays

3.6.1 Colocalized Assay
Fabrication

Linear probe strands were designed that were similar in form to a padlock probe. They consisted
of two target-recognition sequences, 7 nucleotides in length, separated by an AT-rich linker
region measuring 15 to 63 nucleotides. The probe strands were conjugated to a fluorophore
(Cy5) at the 5” end and a quencher (Iowa Black RQ) at the 3’ end. Target strands were designed
that were complementary to both recognition sites, such that the target-probe complex was in the
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form of a ring with the fluorophore and quencher held in proximity. All DNA strands were

acquired from IDT.

Standard Curve Assay

The probe strands were diluted to 20 nM with in-solution assay buffer (PBS 1X + 0.005% tween-
20 + 450 mM NaCl). 3 replicates were prepared for each probe. 25uL of the probe solution was
distributed to each well of a solid black polystyrene 96-well plate (Nunclon) using a multi-
channel manual pipette. The target strands were serially diluted with in-solution assay buffer,
then 25ull was distributed each well such that the final concentration of probe strands was 10
nM. The contents of each well were pipette mixed at least 10 times. The well plate was then
incubated on a covered orbital shaker at 950 rpm for 30 minutes at room temperature. After
incubation, the plates were protected from light and maintained at room temperature for

transportation to the plate reader.

3.6.2 Plate Reader Measurement

The fluorescence intensity of each well was measured using a plate reader (SpectraMax 13). For
the first experiment the “height optimization” function was run; thereafter the optimized height
value (0.73 mm from plate) was used for all experiments. The excitation filter was set as a 9nm
band centred at 640nm and the emission was collected as a 15nm band centred at 670nm. These
values were determined following the optimization procedure detailed in the SpectraMax user
manual. By default, 6 readings were made per well, with the average intensity value being

reported.

3.6.3 Analysis of Plate Reader Data

The plate reader data were imported to GraphPad Prism (GraphPad Software) and analyzed by
nonlinear regression. Two different equations were used for fitting: the 4-parameter logistic

model described in section 3.4 and the quadratic binding equation®’.

([P1o + [T1o + Kp) —+/ ([P1o + [T1o + Kp)? — 4[P],[T],

[P-T] = :

(13)

Where P is the probe, 7'is the target, and nought indicates the initial condition.
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The quadratic binding equation can be used in a 3-parameter logistic model, which assumes no
cooperativity (Hill coefficient = 1). This model is most appropriate when the probe concentration
is on the same order of magnitude as the Kb value, as it accounts for both the free and bound

target®.

The 4PL model does not account for the target depletion; thus, its inflection point is more
accurately defined as the ECso, the target concentration that produces 50% occupation of the

probe. The Kp value can be approximated from the ECso as

[probe]
2

Kp = ECso — (14)

However, this approximation is most accurate when the target depletion is less than 10%,

meaning the probe concentration is at most one-tenth of the calculated Kp value®.

3.6.4 Monovalent Affinity Measurement
Fabrication

The affinity measurement system consisted of two matched strands. The first, called the KD-
probe strand, was identical to one of the two target recognition sequences of the probes described
in section 3.6.1. The KD-probe strands were conjugated to a fluorophore (Cy5) on the 5’ end.
The second strand was called the KD-target strand and was identical to one half of the target
strand described in section 3.6.1. The KD-target strands were conjugated to a quencher (Iowa
Black RQ) on the 3’ end. A control strand was also designed, which had the same sequence as
one of the KD-probe strands but was conjugated to a quencher (Iowa Black RQ) on the 3’ end.
All DNA strands were acquired from IDT.

Affinity Assay

The assay steps were identical to those described in section 3.6.1, with the KD-probe and KD-
target strands used in place of the standard probe and target strands, respectively. 4 replicates
were prepared. Measurement steps followed the plate reader protocol described in section 3.6.2,

and the analysis followed section 3.6.3.
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3.7 DNA Oligo Design and Handling

All oligonucleotides were purified by IDT prior to shipment. Oligos measuring less than 30 nt
and without modification underwent standard desalting, while oligos longer than 30 nt or with
modification (thiol, fluorophore, etc.) underwent HPLC purification. All oligonucleotides were
received pre-dissolved in IDT’s LabReady format (100 uM concentration in IDTE buffer, pH
8.0). Oligos were stored at -20°C immediately upon reception. In cases where concentrations of
50 nM or lower were required for experiments, 1 uM aliquots diluted in PBS 1X + 0.1% tween-

20 were prepared, quantified, and stored at -20°C.

Before each use, oligo tubes or aliquots were defrosted by leaving them on the benchtop for
several minutes, protected from light with foil. The oligos were then mixed vigorously for 10
seconds using a vortex mixer then spun down for 10 seconds using a benchtop centrifuge to

homogenize the contents.

3.7.1 Nanodrop Quantification of Oligonucleotides

Before use in experiments, oligo strands were quantified using a spectrophotometer (Nanodrop
1000, ThermoFisher Scientific). An oligonucleotide calculator'®® was used to determine the
molecular weight of each strand and predict the concentration; if it was above the measurement
limit specified by the manufacturer (2400 ng/uL) then 10 pL. was diluted 1:1 with PBS 1X +
0.1% tween-20. Otherwise, measurements were made directly from the stock tube. Three
droplets were measured from each sample, following the manufacturer’s protocol. In the case of
rare and expensive samples, the same droplet was measured three times. The average of the
measurements was used as the stock concentration for all subsequent calculations for

experiments.

3.7.2 Design of Orthogonal DNA Strands

New DNA sequences were designed according to the following method:

First, a random string generator was used to create a series of 30 strings of the desired length
containing the characters A, T, C or A, T, G. C and G bases were never placed in the same strand
unless it was required for complementarity to pre-existing sequences. The randomly generated
strings were assessed visually, and strings containing (i) 4 or more A or T in a row or (ii) 3 or
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more C or G in a row were eliminated. The retained strings were assessed for secondary
structures using the Mfold server’s Quikfold tool'®”. The cut-off depended on the application —
strands intended to hybridize to others were accepted if they had no secondary structures with Tm
> 40°C, while those that would remain single-stranded in solution (ex. hook oligo) were accepted
in they had no secondary structures with Tm > 40°C or AG < 0 kcal/mol. Next, the candidate
strings and all existing DNA sequences that they would encounter were assessed for unintended
dimers using Primer Pooler'®®. Dimerization with strands that would be annealed in an earlier
step, and therefore would not be available for hybridization, was not of concern. Strings that
formed dimers with AG < -7 kcal/mol were eliminated. Pairs of strings that formed dimers with
AG < 0 kcal/mol were reassessed with Mfold'3” — those with Tm < 10°C were retained. If
multiple candidate strands remained, the one(s) with the lowest dimer Tm was selected. The final
set of DNA sequences was analyzed with NUPACK to verify that populations of unintended

dimers were expected to be minimal'®’.

3.7.3 Design of DNA Affinity Binders

DNA probe and target pairs were designed according to the method described above. The Van’t

Hoff equation was used to calculate a first approximation of Kp'*:

AG = RT InK,, (15)

Where R is the gas constant, T is the assay temperature, and AG is the Gibbs’ free energy of
binding. Kp values on the order of 100 nM were targeted such that the lower end of the dynamic

range would be above the limit of detection of the plate reader.
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4. Results and Discussion

The dynamic range is the interval of analyte concentrations where an assay can provide
quantitative information. There is a need to adjust an assay’s dynamic range to allow
measurement of biomarkers with large clinical ranges or to detect several analytes
simultaneously in a multiplexed assay. The methods for modifying the dynamic range can be
divided into three categories: modification of the sample, the affinity binder, or the apparent
affinity. When two affinity binders are joined together by a flexible linker to form a single
bivalent molecule, the apparent affinity or avidity of the new molecule is greater than the affinity
of either molecule on its own. The linker increases the probability of bivalent binding, thereby
enhancing the apparent affinity. Modulation of the linker’s entropy has been shown to alter the

dynamic range of simple assays and may also be applicable to more complex sandwich assays.

We selected colocalized bead assays (CBA) as a focus, given the widespread use of bead-based
sandwich assays. We defined colocalized bead assays as system having a matched pair of
sandwich affinity binders pre-assembled to a micron-sized bead via one or more flexible linkers.
We used the colocalization-by-linkage assay on microparticles (CLAMP), represented in Figure
22B, as a starting point because it is a real-world system with the potential for robust and
sensitive analyte measurement. According to our literature analysis, modification of the length
and rigidity of the flexible linker should alter the number of states permitting formation of a
sandwich complex. We hypothesize that altering the linker’s entropy will allow tuning of the

apparent affinity, and therefore the dynamic range, of a CBA.

However, in a CBA there are several factors that also influence sandwich complex formation.
These are: reagent density and stochasticity, linker length and flexibility, location of
linker/affinity binder cross-link, affinity binder flexibility, and each binder’s monovalent affinity

(Figure 22A).
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Figure 22: A) Simplified representation of a colocalized bead assay, wherein a
matched detection and capture affinity binder are pre-assembled on the surface of a
bead. One affinity binder may be conjugated directly to the bead, or both may be
tethered to the surface by a linker molecule. Whereas antibodies are shown here,
they are representative of any affinity binder. The blue linkers could be any flexible
molecule, such as a PEG, polypeptide, or oligonucleotide chain. The factors that
influence the formation of a sandwich complex are: (i) reagent density and
stochasticity, (ii) linker length and flexibility, (iii) location of linker/affinity binder
cross-link, (iv) affinity binder flexibility, and (v) monovalent affinity of each
affinity binder. B) Representation of the CLAMP assay, used as a starting point in
this thesis. The capture antibody is conjugated directly to the bead, while the
detection antibody is tethered by a flexible DNA oligonucleotide. The hook oligo
can be released by a displacer strand, which binds to a toehold region (pink).

In this thesis, we investigated the effect of these factors on the apparent affinity and the dynamic
range. We also evaluated the assay’s signal window, defined as the difference in signal
magnitude between the lowest and highest detectable concentrations'®!. Several examples of
assays in literature with modified dynamic range also had severely narrowed signal
windows?*”138:14L.142 "Consideration of this value allowed us to assess the utility of an assay; a
modified dynamic range is useless if the assay’s signal window is too small to measure samples

with precision.

We began by stiffening the flexible linker in the CLAMP assay, as it was the simplest change to

implement. We sought to determine if linker flexibility could overcome the other factors listed
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above. Second, we limited the role of the affinity binder flexibility by using small molecules in
place of capture and detection antibodies. We kept the linker length constant and increased the
average separation between affinity binders to reduce the number of states permitting binding.
Third, we sought to reduce the effect of surface stochasticity by limiting the separation of affinity
binders to a linear distance. We examined the impact of increasing the absolute distance between
affinity binders on a system with short flexible linkers. Fourth, we employed a reductionist
approach, developing a liquid-phase colocalized assay to investigate the role of the linker length
in isolation from the other factors. Finally, we compared two published mathematical models of
apparent affinity modification of liquid-phase colocalized assays to our results and literature
results. We also evaluated the factors that should be included in a more complex system such as

a colocalized bead assay.

4.1 Exploring the Effect of Linker Flexibility on the Apparent Affinity of a
Colocalized Bead Assay

Here we first sought to examine whether stiffening of the flexible linker could be used to modify
the apparent affinity and dynamic range of a CBA. We used the CLAMP as a starting point,
given the points discussed previously. We hypothesized that the flexibility of the linker was the
dominating factor determining binding dynamics, and therefore progressively stiffening the

linker would progressively shift the apparent affinity.

To modify the flexibility of the hook oligo, we incubated fully assembled CLAMP beads with
oligos of different lengths complementary to a portion of the hook oligo (Figure 23). The
stiffening oligos were 10, 20, 30, or 45 nt in length. A strand of each length located towards
either the 3’ or 5’ end of the hook oligo was tested, except for the 45 nt stiffener which covered
the entire tested length, for a total of 7 conditions. The full sequences can be found in the
appendix (section 7.2). We diluted the stiffening oligos in a high salt buffer (PBS 1X, 0.05%
tween-20, 450 mM NacCl) to overcome electrostatic repulsion between the free DNA and beads.
As a control, we incubated one set of CLAMP beads with the same buffer without stiffening

oligos and used them for a parallel assay.
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Figure 23: Simplified representation of the surface complex in the CLAMP with
stiffened hook oligo. The capture antibody and CO strand are biotinylated,
providing a strong connection to the streptavidin-coated bead. The StO strands
used were 10, 20, 30, and 45 nt in length and were located either towards the 3’ or
5 end of the hook oligo. The CO strand was conjugated to the bead via
streptavidin-biotin complex. HO: hook oligo, BO: barcoding oligo, CO: capture
oligo, DO: displacer oligo, StO: stiffener oligo.

Double-stranded DNA is shorter than single-stranded due to the formation of the helix, so
increasing the portion of the hook oligo that was double-stranded also decreased the length of the
linker. We considered that reducing the linker length would also limit the probability of bivalent

binding, though we did not assess this effect independently of the change in stiffness.

The primary factors that might confound the effects of stiffening the linker were the flexibility of
the affinity binder and the reagent stochasticity. As was discussed in section 2.2.3, IgG
antibodies have numerous points of flexibility. In the CLAMP, the antibodies are also about 25%
the length of the hook oligo in the CLAMP (10 nm ' vs 60 nt (approx. 40 nm)). Due to the
stochasticity of oligo conjugation to the bead surface, it is likely that some tethered detection
antibodies have access to multiple surface-bound capture antibodies. It would be more difficult
to alter the probability that these antibodies bind, since they experience a high density of
available binding sites. The relative densities of capture antibodies and capture oligos have not
been characterized, so we cannot estimate what portion of detection antibodies might be in this

situation.
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Batch-to-batch inconsistencies in the CLAMP bead fabrication and variations in the assay
method might also influence the effect of stiffening the linker. The CLAMP assay was regularly
performed with an antigen incubation of either 3 hours at RT or 15 hours at 4°C, as these

conditions had previously been shown to produce equivalent binding curves'®!.

Effect of Incubation Time on Stiffened CLAMP

We tested whether this equivalency applied to the stiffened CLAMP as well by performing an
experiment using CLAMP beads prepared against three different targets. Interferon gamma
(IFN-y), interleukin 12 (IL-12), and interleukin 1 beta (IL-1p) were selected as targets from the
existing CLAMP library because they demonstrated significant fluorescence change over the
dynamic range. We expected this would make changes in the signal window more noticeable in
binding curve experiments. The CLAMP beads were incubated with several stiffener oligos, then
used in a multiplexed assay. In place of an antigen incubation, the beads were incubated with
blank buffer for 3 hours at RT or 15 hours at 4°C, then displaced as normal. Only the blank
condition was measured to ensure that any differences observed could not be a result of changes
in binding dynamics. We observed some differences between the two conditions for the stiffened
CLAMP, as well as for the control (Figure 24). However, the changes were not consistent
between targets, and were small compared to the variation (SD). Therefore, we cannot conclude
that the two incubation times are more different for the stiffened CLAMP than they are for the

control.
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Figure 24: Effect of incubation time on background signal for stiffened CLAMP
beads. The beads were incubated with blank buffer for 3 hours at RT or 15 hours at
4°C. We observed small differences between the two incubations for the stiffened
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CLAMP, though they were not significantly different from the control. The names of
the stiffeners correspond to their length and approximate location on the hook
oligo. The control set was incubated with buffer while the other sets were incubated
with stiffener oligos. The full sequences can be found in the appendix (section 7.2).
Error bars represent one standard deviation. n=4.

Effect of Stiffening on CLAMP Binding Curve — Limited Binding Curve

We evaluated the effect of stiffening the hook oligo on the apparent affinity by generating
binding curves for CLAMP beads from the same batch as in Figure 24. To test all the stiffeners
in a single assay, allowing direct comparison of the results, we selected a limited set of
concentrations. The concentrations represented low, medium, and high points from a standard
curve generated using the same CLAMP batch, plus a blank. The stiffened beads were incubated
with the antigen for three hours at RT.

Our results revealed that stiffening the hook oligo influenced the median fluorescence intensity
measured (Figure 25A). However, since the concentrations represented only a subset of the
standard curve, it was unclear whether the decrease in fluorescence represented a shift or stretch
of the dynamic range, or a reduction of the signal window. We selected several stiffening strands
to test in a full 12-point standard curve. The 30-nt strand at the 5’ end of the hook (30nt-5") and
the 20-nt strand at the 3’ end (20nt-3") were chosen because they had the greatest effect on the
maximum fluorescence (Figure 25B). The 45-nt stiffening strand was also selected as the most

extreme modification.
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Figure 25: Impact of stiffening the hook oligo on the binding curves of CLAMP
against three targets. A) Binding curves generated using a limited set of
concentrations. IFNy and IL-1f: 0.00244, 0.0658, 1.78 ng/mL. IL-12: 0.0061, 1.48,
40 ng/mL. Stiffening the hook oligo had an effect on the fluorescence at the high
concentration, and this effect was consistent across targets. Without a full binding
curve, it cannot be determined whether this change represents narrowing of the
signal window or a shift of the dynamic range. Error bars represent one standard
deviation. n=3. B) Box-and-whisker plot of the median fluorescence intensity
measurements at the high concentration. All the stiffeners reduced the MFI to some
extent, as compared to the control. The stiffeners with the greatest impact on MFI
(20nt-3° and 30nt-5’) and the most extreme modification (45nt) were selected for
further analysis. The central mark indicates the median, and the bottom and top of
the box represent the 25" and 75" percentiles, respectively. The whiskers indicate
the most extreme data points. n=3.
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Effect of Stiffening on CLAMP Binding Curve — Full Binding Curve

CLAMP beads from the same batch as in Figure 24 and Figure 25 were incubated with the
selected stiffeners, then used in a multiplex assay. The beads were incubated with the antigen
mixture overnight at 4°C to test whether a longer incubation time would change the effect of

stiffening the hook oligo.

The results of our 12-point standard curve indicated that stiffening the hook did not lead to a
shift in the dynamic range. Instead, it produced a lowering of the maximum signal intensity in
some cases, and an increase in background in all cases (Figure 26). This did produce changes in
the measured apparent affinity, but by visual examination this is due to changes in the signal

window, and not a shift of the dynamic range.
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Figure 26: Effect of stiffening the hook oligo on the binding curves of CLAMP using
an overnight incubation at 4°C. Compared to the control, all the stiffened CLAMP
sets have a narrowed signal window and no significant change in apparent affinity.
The Kp values for each target of the control and 20nt-3°, 30nt-5°, and 45nt stiffened
CLAMP were calculated by fitting with a 4PL curve. IFNy: 0.290, 0.181, 0.214,
0.239 ng/mL. IL-12: 0.121, 0.117, 0.200, 0.197 ng/mL. IL-15: 0.0452, 0.0417,
0.0821, 0.0830 ng/mL. Error bars represent one standard deviation. n=4.

We observed that the results of the full binding curve (Figure 26) are inconsistent with those of
the limited binding curve experiment (Figure 25). In the limited binding curve experiment,
CLAMP beads stiffened with the selected stiffeners had a lower MFI than the control at the high

concentration, whereas for the full binding curve only the stiffener 30nt-5" had significantly
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lower MFI at saturation. Considering the blank, in the limited binding curve experiment the
stiffened CLAMP beads did not vary significantly from the control, while for the full binding
curve the blank signals are 15-80% greater than the control. The IL-1f results for both binding
curve experiments and the background experiment (Figure 24) are tabulated in Table 4. The lack
of reproducibility between experiments suggests that the CLAMP beads were not affected

consistently by stiffening.

Table 4: background and saturation MFI signal of CLAMP beads with stiffened
hook oligos against IL-1f relative to unstiffened (control) condition

Experiment (incubation Difference in MFI signal from control
time) 20nt-3’ 30nt-5° 45nt
Blank Background (3 H) -1.4% -2.3% +3.8%
Background (15 H) +19% 0% +23%
Limited binding curve (3H) | -5.7% -0.92% +5.7%
Full binding curve (15 H) +16% +34% +40%
Saturation/High | Limited binding curve (3 H) | -29% -40% -20%
concentration Full binding curve (15 H) +5.7% -31% +4.6%

We observed that stiffening the hook oligo, even as far as making it entirely rigid double-
stranded DNA, is insufficient to overcome the primary factors influencing apparent affinity.
These factors likely contributed to the varied effects of stiffening on the signal window. In the
CLAMP, we hypothesize that the dominating factors are the antibody flexibility and the

stochastic distribution of reagents on the surface.

4.2 Exploring the Effect of Average Reagent Separation on the Apparent
Affinity of a CBA

Here we sought to examine the effect of changing the average distance between the capture and
detection affinity binders on a colocalized bead assay. We hypothesized that increasing the
average separation between capture and detection affinity binders while keeping the linker the
same would decrease the number of states permitting binding, thereby decreasing the apparent
affinity. To reduce the role of the affinity binder flexibility, we designed a new CBA using small

molecules as the capture and detection moieties and an antibody as the analyte. Digoxigenin
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(DIG) is a hapten molecule measuring 0.4 kDa, against which several high-affinity antibodies
have been raised. One DIG molecule was conjugated to the end of a long, flexible hook oligo. A
second DIG was conjugated to a short DNA strand that hybridized to an oligo conjugated to the
bead surface (Figure 27).
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Figure 27: Simplified representation of digoxigenin colocalized bead assay. The CO
and SO strands are biotinylated, providing connection to the bead. DIG:
digoxigenin, CO: capture oligo, HO: hook oligo, BO: barcoding oligo, SO: spacer
oligo, DO: displacer oligo

Whereas in section 4.1 the capture and detection affinity binders were non-identical antibodies,
the colocalized bead assay in Figure 27 uses the same molecule as both the capture and detection
moiety. This format creates the potential for the analyte molecule (the anti-DIG antibody) to bind
to two hook-conjugated DIG molecules or two surface DIG molecules, instead of one hook DIG
and one surface DIG (Figure 28). In the first and second cases, no assay signal (DO-conjugated
fluorophore) would be detectable after displacement. We considered using a hetero-specific
antibody to avoid this outcome. However, we expected that some antibodies would bind in the
ideal orientation, such that we could characterize the role of average separation. We elected to
use a fluorophore-conjugated anti-DIG antibody as the analyte so that we could evaluate how
many antibodies bound to two surface DIG molecules vs. one hook DIG and one surface DIG.
The anti-DIG antibody we acquired was pre-conjugated to AF488, which forms a FRET pair
with the DO fluorophore (Cy5). However, their Forster radius was found to be 5.2 nm, with the

donor-acceptor intensity ratio decreasing rapidly beyond this distance!®3. Since the Cy5 would be
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located at the end of the hook oligo, and the AF488 close to the surface (Figure 28ii, bottom), we

expected the FRET between them would be very low.
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Figure 28: Possible sandwich binding formations for a colocalized bead assay
using identical capture and detection affinity binders, before (top) and after
(bottom) incubation with the displacement oligo. Note that the antibody is the

analyte in this assay. (i) The anti-DIG antibody binds to two surface DIG
molecules. After displacement the antibody signal is retained, but the assay signal
(DO-Cy5) is not present. (ii) Anti-DIG binds to one surface DIG and one hook DIG
molecule. After displacement the antibody signal is retained, and a detectable assay
signal is also measured. (iii) Anti-DIG binds to two hook DIG molecules. Both
hooks are displaced, releasing the antibody. Neither the antibody signal nor the
assay signal is measured.

DIG molecules have been used as labels since the 1990°s'4, and have minimal impact on the
binding or behaviour of the molecule they are conjugated to!**!1%%, Therefore, we expected that

the surface DIG duplexes would compete equivalently with the other duplexes for streptavidin

80



sites on the bead surface. We hypothesized that changing the amount of each duplex in the
barcoding mixture would allow us to control the density, and therefore the average separation, of

each affinity binder.

Effect of Changing Barcoding Mixture on Reagent Density

To test our hypothesis that the DIG-conjugated oligos would compete equivalently with the other
oligos in the barcoding mixture, we fabricated colocalized bead assays using a range of capture
oligo/surface DIG ratios. Each set of beads was incubated with a total 90 pmol of DNA,
containing a combination of the three surface-bound DNA duplexes shown in Figure 27. For
instance, bead set 1 was incubated with 70 pmol of surface DIG duplex, 10 pmol of capture oligo
duplex, and 10 pmol of spacer duplex. If the duplexes compete equivalently to bind to the bead
surface, then the ratio of capture oligo to surface DIG on the bead should be 1:7. Assuming a
Poisson distribution, the average distance between capture oligos will be ~7 nm (see section

3.5.5 for estimation). The barcoding mixtures for the bead sets tested are shown in Table 5.

Table 5: Barcoding mixtures tested in the surface density experiment. The total of
the capture oligo (CO), surface DIG, and spacer oligo (SO) duplexes is always 90
pmol. The capture and spacer oligos are hybridized to barcoding oligos (BO), some
of which are conjugated to a Cy3 fluorophore. The remaining barcoding oligos are
not conjugated to a dye.

BO-Cy3 Surface BO/SO Theoretical
Bead set | content CO/BO duplex DIG/SO duplex average CO-CO
[pmol] [pmoll duplex [pmol] | [pmol] separation [nm]
1 0 10 70 10 7.06
2 3 10 40 40 7.06
3 6 30 30 30 4.06
4 9 40 10 40 3.53
5 12 70 10 10 2.67

To differentiate the bead sets, some of the capture and spacer oligos were hybridized to
barcoding oligos labeled with a Cy3 fluorophore. The excitation spectrum of Cy3 has substantial
overlap with the emission spectrum of AF488, and the two fluorophores may have been close

enough together to experience FRET.
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We performed two fabrication quality control (QC) experiments to measure the relative amounts
of each affinity binder. In the surface DIG QC experiment, represented in Figure 29A, CBA
beads that had not had the hook oligo pulled down were incubated with anti-DIG-AF488. Due to
the size of an antibody, we considered that steric hindrance might result in underestimation of
surface DIG at higher concentrations. In the hook DIG QC experiment, represented in Figure
29B, full CBA beads from the same batch were incubated with a short Cy5-conjugated oligo that
was complementary to a portion of the hook oligo. To approximate the background fluorescence
of the surface DIG QC beads, we measured the MFI of the hook DIG QC beads in the AF488
channel. To approximate the background fluorescence of the hook DIG QC beads, we measured
the MFI of the surface DIG QC beads in the Cy5 channel. Since only one fluorophore was added
to each QC experiment, we expected that any signal measured in the opposite channel was due to
autofluorescence of the bead and surface components, which were the same in both QC
experiments. Previous testing demonstrated minimal non-specific binding of antibodies or DNA
strands to blocked beads'®®, so we did not include a control for either the anti-DIG antibody or
the labelling oligo sticking to beads without surface DIG or DIG hook. We hypothesized that the
relative AF488 signal would decrease from bead set 1 to 5 proportionate to the amount of surface
DIG in the barcoding mixture. Similarly, the relative Cy5 signal would increase from bead set 1

to 5 proportionate to the amount of capture oligo in the barcoding mixture.
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Figure 29: Quality control setups for measure reagent density. A) Surface DIG QC:
CBA beads without hook oligos were incubated with anti-DIG-AF488. B) DIG Hook
QC: after pulling down hook oligos to the same CBA batch, the beads were
incubated with a short Cy5-conjugated oligo that was complementary to a portion
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of the hook oligo.

For the surface DIG QC signal and DIG Hook QC background, the populations of the fourth and
fifth bead sets (4:1 and 7:1) could not be differentiated by spectral barcode. However, the bead-
to-bead CV of the data signal from the combined population was very low. We interpreted this
result to mean that the two bead populations had near-identical MFI values. The same value was

used for each bead set and is displayed in Figure 30 and Table 6.
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Figure 30: Quality control (QC) results for DIG CBA beads with varied surface
densities of DNA strands. The background signal the surface DIG QC experiment
was approximated by measuring the DIG hook QC beads in the AF488 channel, and
vice versa. For the surface DIG QC signal and DIG Hook QC background, the
populations of the bead sets 4 and 5 (4:1 and 7:1) could not be differentiated by
barcode. The variation of the data signal from the combined populations was very
low. The same value is plotted for both bead sets. A) The surface DIG was detected
by anti-DIG-AF488 antibodies. The amount of antibody bound decreases as the
portion of surface DIG in the barcoding mixture decreases. The relative
fluorescence values are presented in Table 6. B) The DIG hook was detected by
short fluorescent oligos complementary to the hook oligo. The amount of HO
detected increases as the incubation ratio of CO increases. Error bars represent the
standard deviation of the entire bead population for that bead set (500 to 2000
beads)
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Table 6: Comparison of relative fluorescence from QC experiments (background
subtracted). The population of bead sets 4 and 5 could not be differentiated by
barcode when anti-DIG-AF488 was present. The variation of the data signal from
the combined populations was very low. The same value is used for both bead sets.

AF488 (anti-DIG)
Bead CO portion | Cy5 (Hook) signal Surface DIG
signal relative to
set (out of 9) relative to bead set 1 portion (out of 9)
bead set 4/5
1 1 1 7 4.66
2 1 0.856 4 3.28
3 3 3.12 3 2.65
4 4 4.28 1 1
5 7 8.03 1 1

The results of the quality control experiments indicated that increasing the portion of surface
DIG in the barcoding mixture led to an increase in the amount of surface DIG on the bead
(Figure 30A). Meanwhile, increasing the portion of capture oligo led to an increase in the
amount of DIG hook present (Figure 30B). The change in relative fluorescence between bead
sets is not the same as the change in relative proportions of the components in the barcoding
mixture (Table 6). However, this may be the result of FRET or steric hindrance, as discussed
previously. The overlap in the spectral barcodes of bead sets 4 and 5 only when anti-DIG-AF488

was present confirms that some FRET occurred.

Based on these results, we concluded that we could control the portion of each strand on the
surface by changing its respective portion in the barcoding mixture. Although, we could not
determine whether we had accurate control of the surface proportion of each component due to
the aforementioned confounding factors. Nonetheless, we concluded that we could change the

average reagent separation.

Effect of Changing the Average Reagent Separation on the CBA Binding Curve

We next conducted an experiment to test the effect on the apparent affinity of changing the
average distance between the capture and detection affinity binder. Colocalized bead assays
using DIG molecules as affinity binders were fabricated as represented in Figure 27. The amount
of detection affinity binder (DIG hook) and capture affinity binder (surface DIG) were reduced
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to much lower amounts to increase the role of the hook oligo’s length and flexibility in binding
(Table 7). We tested beads having only surface DIG as a control to determine the effect of
colocalization on apparent affinity. We hypothesized that the apparent affinity of the colocalized
bead assays would be higher than the single binder assay (surface DIG only), due to bivalent
binding with the hook DIG. We also hypothesized that the bead assays with a smaller average
distance between the capture and detection affinity binders (surface and hook DIG) would have

higher apparent affinity due to the increased number of states permitting binding.

Table 7: Barcoding mixtures used to measure the effect of average reagent
separation. The total of the capture oligo (CO), surface DIG, and spacer oligo (SO)
duplexes is always 90 pmol. No fluorophore-labeled barcoding oligos were used in
this experiment.

Bead set | CO/BO Surface DIG/SO | BO/SO Theoretical average CO-
(BO) duplex [pmol] | duplex [pmol] duplex [pmol] | CO separation [nm]

3 0 5 85 --

4 5 5 80 9.98

5 10 5 75 7.06

To verify that the CBA beads had been fabricated correctly, we performed two quality control
experiments. We incubated full CBA beads with either anti-DIG-AF488 or a short Cy5-labeled
oligo complementary to a portion of the hook oligo. Bare beads that had not been incubated with
the labeled antibody or oligo were measured as a control. Previous testing demonstrated minimal

sticking of antibodies to blocked beads!*®

, so we did not include a control for this. Unexpectedly,
the results of the experiment indicated that the amount of anti-DIG-AF488 bound to bead set 3
was greater than to bead set 4, despite bead set 4 having more total DIG (Figure 31). We
hypothesized that the long hook oligo might reduce the number of antibodies reaching the

surface. Nonetheless, the results of the QC confirmed that the DIG was available to bind.
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Figure 31: QC results for fully fabricated DIG CBA beads with varied surface
densities. A) QC of surface DIG and DIG hook, via simultaneous detection with a
labelled anti-DIG antibody. The results indicate that the DIG is available for
binding. B) QC of hook oligo, using a short, labeled oligo complementary to a
portion of the hook. The results demonstrate that the amount of hook pulled down
increases with increasing CO content in the barcoding mixture. The bare bead
signal from each channel is provided for qualitative comparison. Evror bars
represent the standard deviation of the entire bead population for that bead set
(1000 to 2500 beads)

The CBA beads were incubated with a serial dilution of anti-DIG-AF488, then incubated with a
CyS5-labeled displacement oligo. The results of this experiment indicated that the apparent
affinities of the colocalized assays were not significantly different from each other or from the
single-binder assay (Figure 32A). The Kb values were 47, 35.9, and 33.2 ng/mL for bead set 3, 4,
5 respectively. Further, the amount of antibody present at the end of the assay decreased with
increasing hook surface component, while the signal from the displacer strand did not increase
substantially above background (Figure 32B). Since the QC experiment had indicated the DIG
molecules were available to bind, we hypothesized that the anti-DIG antibodies bound
preferentially to two hook DIGs and were lost after displacement (Figure 28iii). An alternative
explanation would be that antibodies that properly formed a hook-surface complex dissociated
before measurement. However, based on the single binder assay (bead set 3) the anti-DIG
antibody has an affinity in the pico-molar range. Since the off-rate typically correlates with the

dissociation constant!®’, the rate of dissociation of bound antibody complexes is expected to be
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on the order of hours to days!'*®!%. Therefore, antibody dissociation is unlikely to have

contributed significantly to the observed result.
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Figure 32: Assay signals measured in the anti-DIG colocalized bead assay, from the
A) analyte (anti-DIG), B) displacement oligo. The amounts of capture oligo, surface
DIG, and spacer oligo in the barcoding mixture (in pmol) were: 0, 5, 85 (BC3), 5,
5,80 (BC4), 10, 5, 75 (BC5). BC3 was used as a control for a single DIG assay
without colocalization. A) The antibody signals were fitted with a 4PL curve. The
Kp values were measured as 47, 35.9, and 33.2 ng/mL for BC3, 4, 5 respectively.
The amount of antibody present after displacement decreased with increasing
capture oligo. B) The DO signal did not increase significantly above background.
No error bars are shown. n=2 for BC3, n=1 for BC4 and BCS5

Though our results did not offer insight into the role of average reagent separation on the
apparent affinity, they highlighted an important factor influencing sandwich complex formation
in a colocalized bead assay — the accessibility of the affinity binders. This factor is especially
important when identical affinity binders are used. When non-identical affinity binders are used,
once a hook-conjugated detection affinity binder has bound to an analyte, other detection affinity
binders are prevented from binding (assuming the molecule has just one of each epitope). This
provides an opportunity for the analyte to encounter the microparticle surface and interact with
the capture affinity binder. Alternatively, when identical affinity binders are used, the capture
and detection affinity binders compete for the same epitopes. If the capture affinity binder is

much less accessible, then the formation of capture/detection sandwiches is rare.
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4.3 Exploring the Effect of Absolute Reagent Separation on the Apparent
Affinity of a CBA

We next sought to investigate the role of the absolute separation between capture and detection
affinity binders, while reducing the impact of surface stochasticity. We designed a new
colocalized bead assay wherein the capture and detection affinity binder (two DIG molecules)
were affixed to a single DNA support (Figure 33). Short flexible linkers allowed the affinity
binders to occupy multiple positions. An anti-DIG antibody was used as the analyte. This system
more closely resembled the models for colocalized assays found in literature, where binding is
intramolecular!>. We hypothesized that increasing the separation of the DIG molecules beyond
the maximum width of an antibody (~15 nm'°?) would decrease the number linker positions that

permitted bivalent binding, thus decreasing the apparent affinity.

Segment|Length (nt)
a, o 21
B, p' 21
.Y 9
n 1

10
0, 6’ 20
K, K' 30
.l 40

Figure 33: Simplified representation of double-hook digoxigenin CBA, with
increasing separation between the DIG molecules. (Left) CO-20, (middle) CO-30,
(right) CO-40. The fourth condition tested, CO-50, is omitted for space. The anti-
DIG antibody used in this assay was unlabelled. DIG: digoxigenin, CO: capture

oligo, BO: barcoding oligo, DO: displacer oligo, HOy: fixed hook oligo, HO::
releasable hook oligo
A DIG molecule was conjugated to each of two hook oligos. One hook included a toehold
sequence that was recognized by a fluorescently labelled displacer oligo. The other, fixed hook
oligo was designed with an increasing length complementary to the capture oligo, such that the

separation between the two DIG molecules was increased. The lengths of the capture oligos were
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also increased — the shortest capture oligo, CO20, had 20nt complementary to each of the hooks
(Figure 33, left). The next, CO30, had 30nt complementary to the fixed hook oligo and 20nt
complementary to the releasable hook (Figure 33, middle), and so on for CO40 (Figure 33, right)
and CO50 (not shown). A small amount of capture oligo was used in the barcoding mixture (5
pmol CO, 85 pmol of spacer oligo) to increase the average distance between capture strands (est.
10 nm). This was expected to reduce the incidence of the anti-DIG antibodies binding bivalently

to two different capture complexes.

We considered that the nick in the DNA helix between the ends of the hooks (Figure 33, B’ and
either 6°, x’, or ’) might affect the separation between affinity binders. Based on published
literature, we expected that the capture oligo/hook oligo complex would spontaneously shift

200-208

between linear and bent states but would predominantly exist in a linear form . In the linear

form, the distance between flexible hook domains was 13.9, 17.3, 20.7, 24.1 nm.

Due to the large number of samples, it took more than 2 hours to complete the cytometry
measurements. However, the high affinity anti-DIG antibody would have a slow off-rate, so
substantial loss of positive complexes is not expected from the first to last sample measured.

Indeed, the data do not demonstrate a decrease in the fluorescence measured in later samples.

No negative control set was measured, as previous testing had shown minimal sticking of
antibodies to blocked beads!'®®. A positive control was not included due to the large number of

samples.

Our results indicated that increasing the absolute distance between affinity binders did not
produce a significant shift in the apparent affinity (Figure 34). We measured variations in the hill
coefficients and Kp values for the different conditions, though the confidence is low due to the
low replicate number (Table 8). There was a substantial increase in the overall fluorescence as
the separation increased, but the magnitude of the signal window was not significantly different
between the four conditions. We proposed that the longer oligos used to increase the affinity
binder separation also provided more opportunity for the fluorescent displacer strand to bind
non-specifically. This would increase the non-specific binding rate without having a substantial
effect on the relative signal window. Inclusion of an additional negative control set, having a

double stranded capture oligo and no hook oligos (segments B, 0, k, { and complements in Figure
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33), would be required to confirm this. Moreover, the magnitude of the signal window in this
experiment was very low compared to previous assays. Previous colocalized bead assays have
shown a fluorescence range of about one order of magnitude. This low maximum fluorescence
may be a result of formation of inter-probe complexes, wherein both releasable hooks are

displaced.
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Figure 34: Binding curves for anti-DIG double-hook CBA with increasing
separation between affinity binders (20-50 nucleotides complementarity between
CO and HOy). The data were fitted with 4PL curves. The Kp values were calculated
as 4.09 ng/mL, 2.05 ng/mL, 2.54 ng/mL, and 3.29 ng/mL for CO20, CO30, CO40,
and COS50, respectively. Increasing the distance between the affinity binders (DIG
molecules) did not significantly alter the dynamic range. Increasing the length led
to an increase in background signal, but no change in the magnitude of the signal

window. No error bars are shown. n=2

MFI [rfu] (linear scale)

Table 8: Parameters determined from fitting the anti-DIG binding curves with a 4PL
equation. 95% confidence intervals are reported

Bead set | Affinity binder | Kb [ng/mL] Hill slope R?
separation [nm]

C020 13.9 4.09 [1.09, 7.08] 0.83510.373, 1.30] 0.98

C030 17.3 2.05[1.18, 2.92] 1.92[0.362, 3.48] 0.98

CO040 20.7 2.54[1.26, 3.83] 0.905 [0.538, 1.27] 0.99

COs50 24.1 3.29[2.47,4.10] 1.81[1.22, 2.40] 0.99
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Based on our results, we inferred that the absolute separation between affinity binders in a
colocalized bead assay has some effect on the apparent affinity. However, there may exist other

factors that have greater influence on the apparent affinity.

4.4 Exploring the Effect of Linker Length in Isolation

We next sought to further characterize the role of the linker by minimizing interference due to
surface density and stochasticity on the bead. We designed a liquid-phase colocalized assay
using a linear DNA probe similar in form to a padlock probe (Figure 35, left). The probe oligo
consisted of two binding site regions and a linker region and was conjugated to a quencher at the
5” end and a fluorophore at the 3’ end. The linker region consisted predominantly of A and T
bases, and measured 15, 25, 35, 43, or 53 nt. The probe was combined with a dilution series of a
target strand complementary to both binding sites. When the target strand was bound bivalently

by the probe then the quencher and fluorophore were held in proximity (Figure 35, right).

p p'
A \d K1
18 - 7[' —— IQI
T

Segment|Length (nt)
M 15-53 Segment|Sequence (5'to 3')
T, TC' 7 T ACATCTT

Figure 35: Simple representation of the liquid-phase colocalized probe and target.
(left) The probe strand consists of two binding site regions (p, n) and a linker
region (u). The strand is conjugated to a quencher at the 5’ end (black sun) and a
fluorophore at the 3’ end (green sun). The target strand is complementary to both
binding sites (p’, n’). The first binding domain hybridizes with the complementary
epitope region on the target with an affinity of K1 (left to middle). This interaction
may dissociate, or the second binding domain may interact with its respective
epitope region with an affinity of K> (middle to right). It is equally probable that
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the target would first bind to the blue or red binding domain first. When both
binding domains have bound the target, the quencher and fluorophore are held in
proximity, resulting in a decrease in the measured fluorescence. Note that the
segments &, ©', p, p’ are shown shorter after binding to represent the decrease in
per-base length between single- and double-stranded DNA.

Monovalent Affinity Measurement

To quantify the apparent affinity enhancement resulting from colocalization, we first sought to
determine the monovalent affinity of the binding domains. We measured the hybridization of a
strand representing one binding domain with a strand representing half of the target to generate a
binding curve (Figure 36). Wells containing only buffer were measured as a positive control (no
fluorescence). A negative control, measuring quenching between non-complementary strands,
was not included in this experiment. An earlier experiment measuring the monovalent affinity of
a longer probe that included the same sequence tested here indicated that quenching did not
occur when a non-complementary strand conjugated with a quencher was titrated with a

fluorescent probe strand (appendix, section 7.1).

Figure 36: Monovalent affinity probe (fluorophore) and target (quencher) strands,
derived from the colocalized probe shown in Figure 35. T bases were added to
either end of the sequence to reach the minimum manufacturable length.

The results indicated that the monovalent affinity of the binding domain is approximately 649 or
658 nM (Table 9). Both fitting equations found similar results and achieved good quality of fit
(Figure 37, Table 9). The first and last concentrations were excluded from the regression analysis
due to the discrepancy with neighbouring points. Inclusion of the first point (blank) resulted in a
Hill slope value of -1.3. No cooperativity is expected for monovalent probe/target interactions, so

a Hill slope value other than -1 or 1 does not have a physical explanation. We were unable to
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find a satisfactory explanation for the discrepancy, though we considered that it may be due to
systemic error such as spatial bias’°. Randomization of the well plate layout was not feasible for
human preparation, so all the blank samples were in the left-most column of wells on the plate.
Future work should implement a fully automated liquid-handling system, such that samples can

be randomized across the plate without risk of human error.
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Figure 37: Binding curve data of monovalent probes fitted using A) 4PL equation,
B) quadratic binding equation. The first and last concentration were excluded from
analysis and are shown for discussion purposes. The Kp values were calculated as
649 nM and 658 nM, respectively. Wells containing only buffer were measured as a
positive control (data not shown, mean fluorescence 6045+2800 rfu). Evror bars
represent one standard deviation. n=4

Table 9: Parameters determined from nonlinear regression analysis of binding
curves. Asymmetric 95% confidence intervals are reported.

Fitting equation Kb [nM] Hill slope R?
Four parameter logistic | 649 [552, 769] -1.06 [-1.24, -0.895] 0.99
Quadratic Binding 658 [559, 774] N/A 0.99

The last concentration of 50 uM resulted in an increase in fluorescence at high concentrations,
characteristic of the hook effect. Neither of the binding curve models used account for the hook
effect, so the last point was excluded from analysis. The hook effect indicates that at levels of the
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quencher-linked target strand beyond saturation, fewer target/probe complexes are forming.
Although the target strands had low affinity for each other (AG =-0.3), it is possible that at
sufficiently high concentrations the brief interactions between target strands occurred frequently
enough to sequester some of the strands. This would result in the probe strands experiencing a
lower concentration of available target strands, thus increasing the fluorescence measured. The
presence of the hook effect reduces the confidence with which we can determine the target
concentration beyond which the probes are saturated. While redesigning the target sequence
might reduce the incidence of self-hybridization of the target strand, it would also reduce the on-
target affinity (due to the removal of G/C pairs), shifting the binding curve towards higher
concentrations. We also considered increasing the reaction temperature or reducing the salt
content of the buffer, which would reduce the stability of target self-dimers. However, this would
also decrease the stability of the probe/target complex, possibly by the same magnitude.
Therefore, we concluded that the calculated monovalent affinity values of 649 or 658 nM might

be underestimations.

Effect of Increasing Linker Length on Apparent Affinity

We next explored changing the length of the linker region as a means to modify the apparent
affinity of our colocalized probe. We hypothesized that increasing the length of the linker region
would increase the number of states permitting bivalent binding and therefore increase the
apparent affinity. To test this hypothesis, we generated binding curves for probes with identical
binding site regions and linkers of 15, 25, 35, 43, and 53 nucleotides (Figure 35A, segment p).
The binding curves were fitted with a 4PL equation (Figure 38 A) and the quadratic binding

equation (Figure 38B). Wells containing only buffer were measured as a positive control.

We observed that increasing the linker length decreased the dissociation constant, thereby
increasing the apparent affinity (Figure 38C). However, the maximum Kb shift achieved was less
than 5-fold and appeared to be reaching an asymptote at a linker length of 53-nt. This result
indicated that increasing the length of the linker further would not offer significant
improvements. At the same time, the fluorescence change from maximum to minimum was
substantially decreased for the 15-nt linker. The confidence intervals of the determined Kp for
this probe were either undefined or spanned more than one order of magnitude (Table 10). This
result indicated that the 15-nt linker probe would have very little utility in an actual bioassay, as
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an unknown concentration could not be determined with any accuracy. This phenomenon may be
due to the reduced separation between the quencher and fluorophore in the “open” state, leading
to significant quenching in the absence of a target. Meanwhile, the increased fluorescence at
higher concentrations may indicate that the linker is too short to accommodate binding, hindering

formation of the “closed” state.
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Figure 38: Binding curves of probes with increasing linker length (15-53 nt) fitted
with the A) 4PL equation, B) quadratic binding equation. The signal window for the
15 nt linker is too narrow to be practically used for calibration. Wells containing
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only buffer were measured as a positive control (data not shown, mean fluorescence
6398+1700 rfu). Error bars represent one standard deviation. n=3. C) Dissociation
constants for different linker lengths. The total change in apparent affinity achieved
is about 3.5-fold. However, the confidence interval for the 15 nt linker is so large,
the calculated Kp value is meaningless. The change in Kp values appears to be
reaching a plateau for the 53 nt linker, suggesting further increasing the linker
length would not offer significant apparent affinity shift. Error bars represent the
asymmetric 95% confidence intervals. Where error bars are not shown, the
confidence interval could not be determined.

Table 10: Parameters determined from nonlinear regression analysis of binding
curves. Asymmetric 95% confidence intervals are reported. und = undefined.

Probe linker Fitting equation Ko [nM] Hill slope R?
length [nt]
15 Four PL 271 [67.2, und] -1.11 [und, 0.103] 0.64
Quadratic Binding 291 [69.5, 1340] N/A 0.64
25 Four PL 151116, 202] -1.16 [-1.49, -0.897] 0.98
Quadratic Binding 160 [122, 211] N/A 0.98
35 Four PL 97.6 [71.1, 139] -1.02 [-1.32, -0.776] 0.98
Quadratic Binding 97.6 [72.0, 132] N/A 0.98
43 Four PL 91.2[62.0, 137] -1.38 [-2.14, -0.896] 0.94
Quadratic Binding 97.5[61.7, 153] N/A 0.94
53 Four PL 78.1 [51.1, 128] -0.961 [-1.41, -0.625] | 0.96
Quadratic Binding 76.7 [51.4, 114] N/A 0.96

As in the assay to determine the monovalent affinity, we observed a hook effect at higher target
concentrations. This may be due to the same cause as proposed for the monovalent affinity
experiment. Alternatively, it may be due to the increased incidence of target/probe/target
triplexes. As the concentration of target strands increases, there is an increased probability that a
binding site will bind to a free target before binding to a target bound by the colocalized site on
the same probe. This probability is expected to increase as the linker length increases, until the
two binding sites are effectively independent of each other. While increasing the probe affinity
would lower the saturating target concentration, thereby decreasing the magnitude of the hook
effect, we have shown that this would require decreasing the probe concentration to obtain

accurate estimations of Kp. Lowering the probe concentration would put the fluorescence values

96



below the plate reader’s limit of detection, so we kept the same target sequence and excluded the

last point from our binding curve analysis.

Effect of Increasing Binding Site Separation on Sensitivity to Changes in Linker Length

Based on published literature, we hypothesized that increasing the separation between the
binding sites in the “closed” state would make the probe’s Kp, and by extension its dynamic
range, more sensitive to changes in linker length. The binding site separation is defined as the
distance between the ends of the linker that permits bivalent binding'>!. Since the length of DNA
changes upon hybridization, due to the adoption of the helix structure, we defined the binding
site separation as being equal to the length of the target strand when it is monovalently bound.
For the unmodified target strand, with seven base pairs and seven single-stranded bases, we
estimated the separation to be approximately 7 nm. We fabricated new target strands having
spacer nucleotides between the two epitope sequences. The addition of each spacer nucleotide
would theoretically increase the separation by ~0.7 nm. However, since ssDNA is flexible, we
considered that the effective binding site separation may be less. Wells containing only buffer

were measured as a positive control.

Results for the unmodified target strand and a target with a two-nucleotide spacer, measured in
the same assay, are shown in Figure 39. For simplicity, only the 4PL fitted data is shown; the

quadratic binding equation fitted data can be found in the appendix (section 7.1).
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Figure 39: Binding curves of probes with increasing linker length (15-53 nt), fitted
with a 4PL equation. A) unmodified target strand (TO-14), B) target strand with 2
nt spacer (TO-14-2T). For both targets, the signal window for the 15 nt linker is too
narrow to be useful as a calibration curve. The target with 2 nt spacer has a larger
signal window for all probes except HO15. Wells containing only buffer were
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measured as a positive control (data not shown, mean fluorescence 66211600 rfu).
Error bars represent one standard deviation. n=3. (C and D) Change of
dissociation constants with increasing linker length, for two different target
lengths, fitted with C) 4PL equation or D) quadratic binding equation. The total
change in apparent affinity is about 5-fold, and appears to be reaching a plateau
for the 53 nt linker. However, the confidence intervals for the 15 nt linker are
either uncalculable or very large, such that the calculated Kp value is meaningless.
Error bars represent the asymmetric 95% confidence interval. Where error bars are
not shown, the confidence interval could not be determined.

Our results indicated that there was no significant change in the apparent affinity’s sensitivity to
linker length when the binding site separation was increased by 1.3 nm (Figure 39, C and D,
Table 11). However, the change in binding site separation may not have been enough to produce
an observable change in the dynamics. In particular, the flexibility of the DNA target may have
masked the effects. Future work will test larger spacer lengths and rigid spacers to determine if a

more substantial change will influence the apparent affinity’s sensitivity to entropic modulation.

Table 11: Parameters determined from nonlinear regression analysis of the binding
curves with a four-parameter logistic model for the unmodified target strand (TO-
14) and the target strand with 2-nt spacer (TO-14-2T). 95% confidence intervals are
reported. und=undefined

Probe linker | Target strand | Kp [pM] Hill slope R?
length [nt]
15 TO-14 0.429 [0.117, und] -1.08 [-3.80, 0.143] 0.67
TO-14-2T 0.639 [und, und] -0.604 [und, 0.905] 0.4
25 TO-14 0.227[0.147, 0.464] -1.02 [-1.55, -0.625] 0.96
TO-14-2T 0.213 [0.151, 0.347] -0.961 [-1.30, -0.697] | 0.97
35 TO-14 0.161 [0.132, 0.199] -1.16 [-1.41, -0.958] 0.99
TO-14-2T 0.149 [0.0990, 0.263] -0.926 [-1.33, -0.613] | 0.97
43 TO-14 0.100 [0.0615, 0.184] -0.986 [-1.49, -0.616] | 0.95
TO-14-2T 0.140 [0.0919, 0.247] -0.983 [-1.46, -0.636] | 0.96
53 TO-14 0.0896 [0.0532, 0.169] | -0.928 [-1.39, -0.585] | 0.95
TO-14-2T 0.0743 [0.0506, 0.115] | -1.02 [-1.43, -0.725] 0.97
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4.5 Comparing Models for Simple Colocalized Assays & Extension to a Model
for the Apparent Affinity of a CBA

Finally, we sought to compare our liquid-phase colocalized assays to published models of the
conformational entropy of intrinsically disordered linkers. Our goal was to validate our findings
that the apparent affinity of the liquid-phase assay we tested is only somewhat sensitive to linker
modification. If the models adequately represented our system, then we could use them to
estimate the changes needed to make the system more sensitive to linker length. Otherwise, if the
models did not represent our system, they could offer insight into the parameters necessary for a

more appropriate model.

Since the liquid-phase colocalized assay is a simplified representation of the colocalized bead
assay, we sought to build upon the published models of entropic linkers to propose a model for

the apparent affinity of a colocalized bead assay.

The apparent affinity of a colocalized assay is defined as

Kp1 X Kpp,

(16)

KD,apparent = C o
e

Where Kp,; and Kp,> are the monovalent affinities of the binding domains. Ce can be understood
as the effective concentration of the second binding domain once the first has bound. The

equation for Cefr is derived from a statistical mechanical model of the flexible linker.

Wormlike Chain Model

The effective concentration produced by a wormlike chain is derived from the following

probability density function!>!:

3
- (2 2 32\ (| Sk, 2r® 33 791
PRI = \amt1,) P\ 74, al, " 12 T 8OLI7 16012

(17)
329T'le 4 6799r* 3441r° + 108918
120lc3 160014 2800lplC5 12800lp2lc6
Cesr = p(r =d,) (18)
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Where /, and /. are the persistence length and contour length of the chain, respectively, and r is

the end-to-end vector of the linker. The effective concentration is then the probability that »=do,
where do is the separation between the binding domains that permits bivalent binding. We used

the above function to calculate the theoretical apparent affinity for our measured monovalent

affinity, using the physical parameters of single-stranded DNA (/,=1.5 nm!%%-16%) and a range of
linker lengths (Figure 40).
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Figure 40: Dissociation constant vs. linker length curves generated using the
wormlike chain model, with a monovalent affinity of 650 nM, and physical
parameters for single-stranded DNA (Ip=1.5 nm). The curves were truncated below
linker values that produced a negative Kp, which does not have physical meaning.
Experimental values are Kp values measured in section 4.4, based on fitting with a
4PL equation. The experimental affinities are significantly lower than those
predicted by the model for any do value. do: separation between the binding
domains that permits bivalent binding, TO-14: unmodified target strand, TO-14-2T:
target strand with 2-nt spacer

Our measured apparent affinity values were significantly lower (higher Kp value) than those
predicted by the wormlike chain model (Figure 40). The model’s creator reported that it was in
good agreement with published measurements of the apparent affinity of bivalent affinity
binders!®!. Subsequent studies using peptide linkers found the model described their
systems?%%21° However, some studies that tested bivalent thrombin aptamers, using ethylene

glycol or nucleic acid linkers, found that the wormlike chain model over-predicted the affinity
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enhancement!>*2!1:212. The wormlike chain model may not be appropriate for linkers with longer

persistence lengths.

Freely jointed Chain Model

The effective concentration produced by a freely-jointed chain, or random coil, is commonly

expressed as follows!'3%152;

3 sar
Coff d) = %<i>z e 2(L\/N)2 (19)
N, ( L \/N) 21
Where L is the length of each chain element, N is the number of links in the chain, and d is the
separation between the binding sites that permits bivalent binding. p is a correction factor that
accounts for volume exclusion'32. The model above was originally conceived for a bivalent
ligand binding to a bivalent receptor. The linker cannot occupy the volume of the receptor, so its
search space is reduced, and its effective concentration is increased. Gargano et al. assumed that
the receptor was sufficiently large to reduce the volume to a hemisphere, and thus proposed a

value of p=2 3. This factor should not be lower than unity, which represents a full sphere.

We used the above function to calculate the theoretical apparent affinity for our measured
monovalent affinity, using the physical parameters of single-stranded DNA (L=0.67 nm'%0-162)

and a range of linker lengths (Figure 41).
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Figure 41: Dissociation constant vs. linker length curves, generated using the freely
jointed chain model, a monovalent affinity of 650 nM, physical parameters for
single-stranded DNA (L=0.67 nm), and a volume exclusion factor of p=0.0043. The
curves were truncated below linker values that produced Kp greater than 0.1 M.
Experimental values are Kp values measured in section 4.4, based on fitting with a
4PL equation. The model was found to have good agreement with the experimental
data for a do value of 5.2 nm, using least-square regression. The shortest linker was
excluded from the analysis due to its large or undefined confidence interval. do:
separation between the binding domains that permits bivalent binding, TO-14:
unmodified target strand, TO-14-2T: target strand with 2 nt spacer

The model is in good agreement with our data for a binding site separation of 5.2 nm (Figure 41).
We had previously estimated that our do value was approximately 7 nm, but since our target is
flexible while it is unbound, 5 nm is a reasonable result. According to the model, continuing to
increase the linker length will not result in a further reduction of Kp. We found that for our
system, when the linker length is very short (15 nt, 10 nm), the probe is unable to accommodate
binding (see section 4.4). We assume that the model must have a limit of applicability where the
linker becomes too short to bind bivalently, and inter-probe binding dominates (Kp ;n0qe1 >

Kb monovaient)- More experiments are needed for us to evaluate this limit.

This result provides an important guideline for designing colocalized assays: the apparent
affinity of an assay with a binding site separation of ~5 nm cannot be shifted more than five-fold

using entropic methods. This substantially limits the dynamic range expansion possible. If an
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adjustable dynamic range is desired, affinity binders should be chosen that bind to epitopes very
close together — ideally less than 1 nm. More research is required to determine whether larger
binding site separations (> 10 nm) would also permit dynamic range expansion; this will depend

on the limit of applicability mentioned previously.

An important caveat of this result is that the volume exclusion factor we found to provide the
best fit to the data, p=0.0043, is much lower than the minimum value of one defined by the
model’s authors'>®. This parameter has been similarly misapplied by others: Krishnamurthy et al.
calculated p=0.12 + 0.009'%? while Mariottini et al. found a value of p=0.016 + 0.009'32. This
indicates that p is correcting for unknown factors which result in a lower apparent affinity than
predicted, instead of the physical parameter it was intended to represent. For instance,
Krishnamurthy and colleagues proposed that steric hindrance might inhibit the linker from
accessing the narrow binding cleft in their system!32. In the case of a nucleic acid linker, the
negatively charged backbone may cause it to preferentially adopt less-compact forms?'3,

reducing the probability that the unbound domain occupies the space close to its binding site.

Further research is needed to determine a better definition of p.

Alternate Models of Intrinsically Disordered Linkers

Self-avoiding wormlike chain models have been shown to better describe double-stranded DNA

loop-formation than random chains?'4

, and may also be appropriate for single-stranded DNA
linkers?!3. Self-avoiding models of entropic linkers have been explored through polymer physics.
In this paradigm, the effective concentration produced by the linker varies with linker length

according to a power law 4150,

Ceff :pXN_3v (20)

Where N is the number of elements in the linker and v is a scaling factor determined by the linker
expansion. v varies from 0.33 for a globular molecule to 1 for a rigid rod. Increasing the inherent
charge of the linker causes it to self-repulse and preferentially adopt elongated forms, which
decreases the effective concentration'. However, the coefficient p has not been associated with
a physical meaning and was observed to vary by more than an order of magnitude when the
length or composition of the linker was modified'*. A similar power law has been derived for

the radius of gyration of a polymer, wherein the coefficient is defined by the self-avoiding chain
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theory. In this case, the coefficient is dependent on the persistence length and segment length of
the linker?!®. The coefficient for the effective concentration power law is likely defined by the
same physical parameters, though the equation cannot be assumed to be the same. However, the

derivation of new models for entropic linkers is beyond the scope of this thesis.

Extension to Colocalized Bead Assays

Based on the existing models for simple colocalized assays, the parameters of a model for the
apparent affinity of a colocalized bead assay should include the affinity of the affinity binders
used, the separation between binding sites, and the length and flexibility of the linker. However,
based on our research, these are not the sole determining factors, and possibly not the most
important factors. Therefore, the model should also consider the affinity binder size and

flexibility, and the density and stochasticity of reagents on the surface.
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5. Conclusion

5.1 Summary

We presented an exploration of the parameters that make the dynamic range of a sandwich assay
with pre-assembled, linked affinity binders sensitive to entropic modulation. For colocalized
bead assays we determined that (i) modifying the length and stiffness of the linker and (ii)
altering the density and distribution of reagents on the surface had no measurable effect on the
dynamic range of our representative system. However, for liquid-phase colocalized assays we
found that increasing the length of the linker from 15 to 53 nucleotides produced a five-fold
decrease in the apparent affinity. That the apparent affinity could be modified in the absence of
the bead confirms that the linker has a role in determining the affinity of colocalized assays.
However, in the case of the CBA, even making the linker entirely rigid double-stranded DNA—
thereby also decreasing its length by 50%— was insufficient to alter the apparent affinity. Hence
for the CBA, and within the range of linker length and rigidity we explored, the flexibility of the
affinity binders, and their density and distribution, masked possible effects on the apparent
affinity. These results suggest that for practical applications, changing linker length and rigidity

is not a useful strategy for modifying the dynamic range of a CBA.

For liquid-phase colocalized assays, the magnitude of the apparent affinity modification resulting
from changes in linker length is dependent on the distance between the binding sites on the
target. We determined that for DNA probes with a binding site separation of approximately

5 nm, the apparent affinity can be modified by at most five-fold by increasing the linker length
from 15 to 53 nucleotides. Increasing the linker beyond this length is unlikely to provide
significant affinity change. Based on other results in literature, using affinity binder pairs that
bind to epitopes in proximity (~1 nm) should allow the apparent affinity to be modified by more
than ten-fold. Further, in our system we determined that when the linker length is reduced to

15 nucleotides (~10 nm), the signal window narrows to less than a two-fold fluorescence change
from blank to saturation, such that the binding curve is not practically usable. The decreased
change in fluorescence is likely due in part to reduced separation between the quencher and
fluorophore in the “open” state, leading to quenching in the absence of a target. However, this

phenomenon of inherent quenching cannot entirely explain the decreased signal window. The
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narrow signal window may also indicate that the linker becomes too short to accommodate
bivalent binding without strain. We had expected that there would be a lower limit to apparent
affinity modification where the apparent affinity is equal to the monovalent affinity of a binding
domain. In this case a target strand would be more likely to be bound by the binding domains of
two different probes than by the binding domains of the same probe. However, we had not

expected that this would lead to narrowing of the signal window.

Further, we observed that models currently used to predict the apparent affinity enhancement of
colocalized assays do not conform to our results or other published examples. The wormlike
chain model has been validated for peptide linkers but may not be appropriate for linkers with
long persistence lengths like single-stranded DNA. Meanwhile the freely jointed chain model has
limited utility, with one physical parameter being used as a correction factor to achieve
agreement with data. Although this model can be made to fit experimental data, it cannot be used
to make predictions of how a change will affect an existing system. Some authors have found
that ssDNA is better represented by the self-avoiding chain model. We propose that this more

complex model should be explored to describe apparent affinity enhancement.

While modelling of the linker may be adequate for a simple colocalized assay, a model for a
colocalized bead assay must account for multiple configurations that permit binding. The factors
of the proposed model should include the affinity binder size and flexibility, and the density and

distribution (e.g., stochastic, deterministic, phase separated) of reagents on the surface.

5.2 Future Work

Exploring Parameters to Make Colocalized Bead Assays Sensitive to Entropic Modulation

To further investigate entropic modulation of the dynamic range of colocalized bead assays,
future work will include (i) designing a new bead assay with deterministic reagent positioning
and (i) selecting affinity binders that bind to epitopes within close proximity (~1 nm) on the
target. To reduce stochasticity, a nano-patterning technique should be implemented, such as
covering the bead surface with nanoscale tetrahedrons or a self-assembling DNA mesh.
Alternatively, a flat substrate could be used, allowing nano-patterning using lithography
techniques. By precisely controlling the points of functionalization, the absolute distance
between the surface affinity binder and the hook affinity binder could be adjusted. Therefore, a
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change to the hook length or flexibility would affect all complexes uniformly. Smaller affinity
binders, such as aptamers or nanobodies, could be used to reduce the uncertainty stemming from
the large size and flexibility of antibodies. However, the selected affinity binder pair should
recognize non-identical epitopes in proximity to provide the best opportunity for a measurable

dynamic range shift.

Further Characterization of the Effect of Linker Length and Flexibility in the Liquid-phase

In this work, we demonstrated that liquid-phase colocalized assays with binding site separations
of approximately 5 nm are relatively insensitive to linker length. Systems with much smaller
binding site separations have previously been characterized, though to date very few assays with
binding site separations greater than 5 nm have been investigated. We attempted to characterize
larger binding site separations for liquid-phase colocalized assays, though the inherent flexibility
of the DNA strands used as affinity binders and targets limited the range of conditions we could
confidently assess. To investigate the role of binding site separation, a more rigid system should
be designed. We suggest a DNA tetrahedron with a long, single-stranded linker extending from
one vertex and a short binding site sequence attached to another. This system is equivalent to a
colocalized probe that has already bound to its target with one binding domain. The proposed
assay could be used to determine whether colocalized assays become sensitive to entropic

modulations beyond a binding site separation of 5 nm.

We determined that at a linker length of 15 nucleotides (~10 nm), the signal window of our assay
was significantly diminished to less than two-fold. Though this may be due in part to reduced
separation between the quencher and fluorophore in the “open” state, leading to inherent
quenching, we expect it also indicates that the linker is too short to accommodate bivalent
binding without strain. This would make bivalent binding unfavourable, leading to the increase
in the minimum fluorescence that we observed. The narrowing of the signal window defines a
practical limit for apparent affinity adjustment. Characterization of this limit would require
further testing using an alternate signal transduction method that is not affected by inherent
quenching. The simultaneous addition of a ligase and an exonuclease followed by rolling circle
amplification, as in the proximity ligation assay reviewed in section 2.2.6, could allow sensitive

quantification of the characteristics of colocalized assays with short linker lengths.
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6. Abbreviations

4PL: Four parameter logistic

a.u.: arbitrary units

Ab: Antibody

AF: Alexa Fluor™

AFM: Atomic force microscopy

BSA: Bovine serum albumin

CBA: Colocalized bead assay

CLAMP: Colocalization-by-linkage assay on microparticles
Cy: Cyanine

DIG: Digoxigenin

DNA: Deoxyribonucleic acid

ELISA: Enzyme-linked immunosorbent assay
FRET: Fluorescence resonance energy transfer
HPLC: High performance liquid chromatography
IgG: Immunoglobin G

LOD: Limit of detection

LOQ: Limit of quantification

MFI: Median fluorescence intensity

PAGE: Polyacrylamide gel electrophoresis

PBS: Phosphate-buffered saline

PCR: Polymerase chain reaction

QC: Quality control

RCA: Rolling circle amplification

rfu: Raw fluorescence units

RNA: Ribonucleic acid

RT: Room temperature

SELEX: Systematic Evolution of Ligands by EXponential enrichment
SIP: Sample injection port

109



7. Appendix

7.1 Supplementary Figures

7.1.1 Monovalent Affinity Measurement
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Figure 42: Binding curve data for a monovalent affinity probe fitted using a 4PL
curve. A horizontal line is superimposed on the control data to guide the reader’s
eye. I nM of an 11 nt probe strand labelled with Cy5 was mixed with titrations of
an 11 nt complementary target strand or a non-complementary control strand, each
labelled with a quencher. The sequences used can be found in section 7.2. Based on
the results of the control condition, we concluded that fluorescence quenching was
not due to increased fluorophore/quencher proximity in solution. The KD-probe
results indicated that the 11 nt binding site’s affinity was too high to be accurately
measured using the plate reader (Kp < [probe]). The binding site length was
subsequently reduced to the 7 nt sequence used throughout the body of the thesis.
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7.1.2 Liquid-Phase Colocalized Assays
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Figure 43: Binding curves of probes with increasing linker length (15-53 nt), fitted
with the quadratic binding equation. A) unmodified target strand (TO-14), B) target
strand with 2 nt spacer (TO-14-2T). For both targets, the signal window for the 15
nt linker is too narrow to be useful as a calibration curve. The target with 2 nt
spacer has a larger signal window for all probes except HO15. Error bars
represent one standard deviation. n=3.

Table 12: Parameters determined from nonlinear regression analysis of the binding
curves with the quadratic binding equation for the unmodified target strand (TO-14)

and the target strand with 2-nt spacer (TO-14-2T). 95% confidence intervals are

reported.

Linker length [nt] | Target strand Kb [pM] R?

15 TO-14 0.47510.121, 2.06] 0.67
TO-14-2T 0.299 [0.00983, 28.4] 0.39

25 TO-14 0.226 [0.150, 0.340] 0.96
TO-14-2T 0.207 [0.152, 0.282] 0.97

35 TO-14 0.171[0.138, 0.211] 0.99
TO-14-2T 0.143 [0.0987, 0.206] 0.97

43 TO-14 0.0986 [0.0620, 0.156] 0.95
TO-14-2T 0.13910.0928, 0.208] 0.96

53 TO-14 0.0870 [0.0535, 0.140] 0.95
TO-14-2T 0.0742 [0.0512, 0.107] 0.97
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7.2 DNA Sequences Used

Table 13: DNA oligonucleotides used in this thesis, ordered by corresponding
results sub-section. Intra-sequence gaps and colours are provided to delineate
functional sub-sections and indicate complementarity

Section | Strand name Sequence (5’ to 3°)
Capture oligo (biotin) TTTTTTTTTGTGGCGGCGGTG ATTGGTTATTGAGAGTTTATG
Spacer oligo (biotin) TTTTTTTTTGTGGCGGCGGTG
Barcoding oligo | CACCGCCGCCACAAAAAAAAA (Atto488/Cy3/Cy5/Cy5.5/none)
] (Thiol)
Hook oligo
CTCATTCGC CATAAACTCTCAATAACCAAT
Displacer oligo | ATTGGTTATTGAGAGTTTATG GCGAATGAG (Cy5)
4.1 Stiffener 10nt-5’
Stiffener 10nt-3’
Stiffener 20nt-5’
Stiffener 20nt-3’
Stiffener 30nt-5’
Stiffener 30nt-3’
Stiffener 45nt
Surface DIG (DIG) TTTTT CACCGCCGCCACAAAAAAAAA
(DIG)
4.2 DIG hook
CTCATTCGC CATAAACTCTCAATAACCAAT
Labelling oligo (Cy5)
CO.20 (biotin) TTTTTTTTTGTGGCGGCGGTG GTTGAGTGGTGGTTGTTAAT
ATTGGTTATTGAGAGTTTATG
(biotin) TTTTTTTTTGTGGCGGCGGTG
CO-30 GTGTAATATGGTTGAGTGGTGGTTGTTAAT
ATTGGTTATTGAGAGTTTATG
4.3 (biotin) TTTTTTTTTGTGGCGGCGGTG
C0O-40 GAATAGTTAAGTGTAATATGGTTGAGTGGTGGTTGTTAAT
ATTGGTTATTGAGAGTTTATG
(biotin) TTTTTTTTTGTGGCGGCGGTG
CO-50 GATAGTAAAGGAATAGTTAAGTGTAATATGGTTGAGTGGTGGTT

GTTAAT ATTGGTTATTGAGAGTTTATG
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HOr

(DIG) T CTCATTCGC CATAAACTCTCAATAACCAAT

HOf£-20 ATTAACAACCACCACTCAACTTACT TCATT (DIG)
HOf-30 ATTAACAACCACCACTCAACCATATTACACTTACT TCATT (DIG)
HOEL40 ATTAACAACCACCACTCAACCATATTACACTTAACTATTCTTACT
TCATT (DIG)
HOEL50 ATTAACAACCACCACTCAACCATATTACACTTAACTATTCCTTTA
CTATCTTACT TCATT (DIG)
Probe (15) (Cy5) TTCTACA TCAAAAAAAAAAACT ACATCTT (IAbRQ)
(Cy5) TTCTACA TCAAAAAAAAAAAAAAAAAAAACT ACATCTT
Probe (25)
(IAbRQ)
(Cy5) TTCTACA TCAAATAAAATAAAATAAAATAAAATAAAAT
Probe (35)
AACT ACATCTT (IAbRQ)
4.4 Probe (43) (Cy5) TTCTACA TCATTTTAACTCAATAACCAATATTAACAACCACT
rooe
CATTTACT ACATCTT (IAbRQ)
Probe (53) (Cy5) TTCTACA TCATTATCTCTCTCAATAACCAATATTAACAACC
rooe
ACCACTCAACTCATTTACT ACATCTT (IAbRQ)
TO-14 TGTAGAA AAGATGT
TO-14-2T TGTAGAA TT AAGATGT
KD-probe 7 nt (Cy5) TTTCTACA TT
KD-target 7 nt TT TGTAGAA T (IAbRQ)
Mono-
KD-probe 11 nt | (Cy5) T TTCTACATCAT
valent
) KD-target 11 nt | ATGATGTAGAA T (IAbRQ)
affinity

KD-control
11 nt

TACTACATCTT T (IAbRQ)
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