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ABSTRACT

Sensitive assays of protein biomarkers play critical roles in clinical diagnostics and biomedical research. Such
assays typically employ immunoreagents such as monoclonal antibodies that suffer from several drawbacks,
including relatively tedious production, significant batch-to-batch variability, and challenges in site-specific,
stoichiometric modification with fluorophores or other labels. One proposed alternative to such immunore-
agents, nucleic acid aptamers generated by systematic evolution of ligand by exponential enrichment (SELEX),
can be chemically synthesized with much greater ease, precision, and reproducibility than antibodies. However,
most aptamers exhibit relatively poor affinity, yielding low sensitivity in the assays employing them. Recently,
single molecule recognition through equilibrium Poisson sampling (SiMREPS) has emerged as a platform for
detecting proteins and other biomarkers with high sensitivity without requiring high-affinity detection probes. In
this manuscript, we demonstrate the applicability and advantages of aptamers as detection probes in SIMREPS as
applied to two clinically relevant biomarkers, VEGF;65 and IL-8, using a wash-free protocol with limits of
detection in the low femtomolar range (3-9 fM). We show that the kinetics of existing RNA aptamers can be
rationally optimized for use as SIMREPS detection probes by mutating a single nucleotide in the conserved
binding region or by shortening the aptamer sequence. Finally, we demonstrate the detection of endogenous IL-8

from human serum at a concentration below the detection limit of commercial ELISAs.

1. Introduction

Proteins are useful biomarkers for differentiating between healthy
and diseased states in clinical diagnostics (Simren et al., 2020). Sensitive
and accurate quantification of proteins is the key for early-stage diag-
nosis of diseases. The long-standing gold-standard method for protein
quantification in biofluids is the enzyme-linked immunosorbent assay
(ELISA) (Engvall and Perlmann, 1971). However, the success of ELISA
and its digital version (Rissin et al., 2010) in high-sensitivity applica-
tions depends on the so-called sandwich assay format, which imposes a
nontrivial requirement of two antibodies that can simultaneously bind
the same target protein at distinct epitopes with high affinity. In addi-
tion to batch-to batch variations in the production of antibody, it is
tedious and challenging to generate specific, high affinity monoclonal
antibodies, especially against non-immunogenic and toxic proteins (Toh
et al., 2015). Moreover, these techniques cannot differentiate between
specific signal from the protein of interest and non-specific signal from
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binding to assay surfaces or matrix (Chatterjee et al., 2020; Cohen and
Walt, 2019).

A potential alternative to conventional antibody probes is provided
by aptamers, synthetic single-stranded DNA (ssDNA) or RNA oligonu-
cleotides that fold into unique three-dimensional structures and bind
their targets specifically (Proske et al., 2005). Compared to antibodies,
aptamers have several advantages. First, the generation of aptamers by
systematic evolution of ligand by exponential enrichment (SELEX) can
be performed faster and at lower cost than generating an antibody
against a target protein by hybridoma or phage display technology (Gray
et al., 2020; Tuerk and Gold, 1990). Moreover, solid-phase chemical
synthesis permits aptamers to be synthesized more easily and more
reproducibly than antibodies (Wang et al., 2011). Other advantages of
aptamers include their non-toxicity and non-immunogenicity (Fish
et al., 2003), reduced steric hindrance due to their smaller sizes (Lee
et al., 2006), ease of modification, and thermal stability (Liss et al.,
2002).
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Due to the potential advantages of aptamers, ELISA-derived assays
such as the-enzyme linked apta-sorbent assay (ELASA) have been
developed (Drolet et al., 1996; Martin et al., 2013; Ramos et al., 2007;
Zhang et al., 2018). However, these assays often have low sensitivity
(limit of detection, LOD ~ 1 pM) and specificity (Toh et al., 2015; Zhang
et al., 2018). To overcome this limitation, the SOMAscan assay utilizes
modified aptamers called SOMAmers (slow off-rate modified aptamers)
as recognition elements, permitting relatively high sensitivity and
specificity in protein detection (median LOD for 1129 proteins ~ 40 fM)
(Gold et al., 2010). However, this assay requires expensive synthetic
nucleotide modifications, and, like conventional immunoassays, in-
volves multistep sample handling procedures including stringent
washing steps, and is unable to differentiate between specific and
nonspecific binding (Gold et al., 2010; Rohloff et al., 2014).

Recently, Single Molecule Recognition through Equilibrium Poisson
Sampling (SiMREPS) has emerged as a powerful technique for the ul-
trasensitive and specific detection of protein and other biomarkers, with
LODs in the aM to low fM range (Chatterjee et al., 2020; Li et al., 2022;
Mandal et al., 2021). The high sensitivity of SIMREPS results from its use
of binding and dissociation kinetics to distinguish signal of specific
binding to the target from that of nonspecific binding to the assay sur-
faces or matrix. To achieve this for proteins, a detection antibody with
relatively fast dissociation kinetics (ko ~0.05-0.5 s71) is needed to
permit repeated interrogation of single target molecules and generate
characteristic kinetic fingerprints within a reasonably short acquisition
time (e.g., 2 min per field of view) without sacrificing sensitivity
(Chatterjee et al., 2020).

Despite this success, there are several challenges associated with
using antibodies as SIMREPS detection probes. While the success rate for
generating protein-SiMREPS probes by phage display has been high,
likely due to the relaxed affinity requirement compared to conventional
immunoreagents (Chatterjee et al., 2020), developing recombinant
antibody reagents by phage display nonetheless involves nontrivial time
requirements and cost. While kinetics can be further manipulated using
reaction conditions such as salt concentration or temperature (Chatter-
jee et al., 2020), it is difficult to rationally alter antibody sequences to
achieve desired changes in binding or dissociation kinetics. Further-
more, antibodies often exhibit nonspecific adsorption to assay surfaces,
even when passivated by reagents such as polyethylene glycol or Tween
20 (Hua et al., 2014). Although the kinetic analysis approach of SiM-
REPS allows one to filter out mild or moderate nonspecific binding,
severe nonspecific binding can still interfere with the analysis and
potentially exclude otherwise kinetically suitable antibodies from
consideration (Chatterjee et al., 2020). Finally, fluorescent labeling of
antibodies is typically performed in a non-regioselective manner (e.g.,
nonspecific labeling of lysine amines with N-hydroxysuccinimidyl ester
reagents), and can result in loss of binding activity, increased kinetic
heterogeneity, or aggregation of the antibody (McCormack et al., 1996;
Vira et al., 2010).

Motivated by the advantages of aptamers as well as the tolerance of
SiMREPS for lower-affinity detection probes than conventional immu-
noassays, in the present study we demonstrate the applicability of
aptamers as detection probes in SIMREPS assays of two clinically rele-
vant protein biomarkers: VEGF;65 and IL-8. We show that previously
reported aptamers can be rationally optimized for use as dynamically
binding SiMREPS probes by incorporating small sequence modifications
during chemical synthesis, such as a single nucleotide substitution in the
conserved region or the shortening of adjacent helical stems. Thus, un-
like antibodies, aptamer sequences can be relatively easily modulated to
achieve faster kinetics and, hence, faster data acquisition and better
distinction between signal and background kinetic fingerprints.
Furthermore, the use of chemical synthesis permits site-specific and
stoichiometric fluorophore labelling of these aptamers at sites distal
from the antigen-binding site, maintaining binding affinity as well as
creating a simpler two-state fluorescence intensity behavior than
nonspecifically labeled antibodies provide. Finally, we demonstrate the
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ultrasensitive detection of spiked-in VEGF;¢5 and endogenous human IL-
8 in serum matrices using a wash-free protocol, yielding limits of
detection in the low femtomolar range (3.1 fM or 0.026 pg/mL for IL-8
detection and 8.9 fM or 0.340 pg/mL for VEGF;¢5 detection).

2. Materials and methods
2.1. Oligonucleotides and proteins

All 2'-fluoropyrimidine-modified and 3’-Cy5-labelled RNA oligonu-
cleotides were purchased from Integrated DNA Technologies (IDT, www
.idtdna.com) with high-performance liquid chromatography (HPLC)
purification. All oligonucleotide sequences are shown in Fig. 1D and
Supporting Information Table S1. They were suspended in TE buffer (10
mM Tris, 0.1 mM EDTA, pH 8.0) to a final concentration of 100 pM and
then aliquoted and stored at —80 °C. Recombinant human IL-8 (Ser28-
Ser99, catalog# BR-1098) was provided in lyophilized form by Bio-Rad
Laboratories, Inc. Biotinylated recombinant human IL-8 (catalogue # B-
CXCL8-2 pg) was purchased from Chemotactics in lyophilized form.
Recombinant human VEGF;65 was purchased from Abcam (catalogue #
ab9571) as a lyophilized powder. Antigens were suspended in 1 x PBS,
pH 7.4 (Gibco) supplemented with 10 mg/mL BSA (Thermo Scientific
Blocker BSA (10x) in PBS; catalog No.- 37525) as a carrier, aliquoted,
and frozen at —80 °C. Monoclonal IL-8 capture antibody (catalogue #
EPR19358-108) and monoclonal VEGF;¢5 capture antibody (IgG) were
purchased from Abcam and Bio-Rad Laboratories, respectively. The
VEGF;¢5 capture antibody was provided as lyophilized powder from a
0.2 pm-filtered solution in PBS with 5% trehalose. Both of the capture
antibodies were free of BSA and azide to facilitate labelling with biotin
NHS ester. Horse serum (catalogue # H1270) and human serum (cata-
logue # H4522) were purchased from Sigma Aldrich.

2.2. Biotinylation of capture antibody

Monoclonal capture antibodies were biotinylated by amine-NHS
ester coupling using biotin N-hydroxysuccinimidyl ester (Sigma
Aldrich, Catalog # H1759-100) in reactions containing a molar biotin:
antibody ratio of 5:1 which were carried out at room temperature for 1 h
in 1 x PBS, pH 7.4. Biotin-IgG conjugates were purified using Zeba Spin
desalting columns (ThermoFisher, Catalog # 89882, 7K MWCO) ac-
cording to the manufacturer’s recommended protocol, followed by
overnight dialysis at 4 °C (Slide-A-Lyzer Dialysis Cassette, Thermo-
Fisher, 3.5K MWCO) against 1 x PBS, pH 7.4. The fraction of bio-
tinylated IgG was estimated by electrophoretic mobility shift assay in
the presence or absence of excess streptavidin and ranged from 70% to
80%. Capture antibodies were aliquoted and frozen at —80 °C.

2.3. Preparation of slide surfaces for single-molecule microscopy

Glass coverslips (No. 1.5, 24 x 50 mm, VWR #48393-241) were
functionalized with a 1:100 mixture of biotin-PEG-SVA and mPEG-SVA
(Laysan Bio, Inc., #MPEG-SVA-5000-1g and #BIO-PEG-SVA-5K-100
MG) as previously described (Chatterjee et al., 2020). Coverslips were
stored under aluminium foil in a nitrogen-purged cabinet until use (up to
4 weeks). Prior to an experiment, 2-6 sample cells were attached to each
coverslip by cutting a ~2-cm length from the wider end of micropipette
tips (Thermo Fisher, #02-682-261), discarding the narrower segment of
the pipet tip, and then placing the wide end down on the PEGylated glass
coverslip and then sealing the edges with epoxy adhesive (Ellsworth
Adhesives, #4001).

2.4. TIRF microscopy
SiMREPS experiments were performed using Olympus IX-81 objec-

tive-type TIRF microscopes equipped with cellTIRF and z-drift control
modules (ASI CRISP). Cy5 labelled detection aptamers were excited in
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Fig. 1. Detection of single protein molecules by aptamer-based kinetic fingerprinting. (A) Experimental scheme for the detection of a target protein by aptamer-based
SiMREPS. (B) Aptamers adopted from the literature with their sequences and secondary structures; IL-8 aptamers: 8A-44, 8A-35, 8A-30 and VEGF; 65 aptamer t22. (C)
Single movie frames of a representative microscope FOV; the bright puncta represent single fluorophore-labelled aptamers bound at or near the coverslip surface. The
upper frame depicts a FOV from an experiment in the presence of recombinant IL-8 whereas the lower frame depicts a FOV from an experiment without IL-8. (D)
Representative intensity-versus-time traces showing the distinct kinetic fingerprints of specific, repetitive binding to the target protein (top trace) and nonspecific

binding to the assay surface (bottom trace).

TIRF mode with a theoretical penetration depth of ~80 nm using a fiber-
coupled diode laser (OBIS 637 nm LX, 100 mW) with an incident light
intensity of ~100 W/cm?, and fluorescence emission was detected using
an EMCCD (Photometrics Evolve) with an exposure time of 200 or 500
ms, after passing through a dichroic mirror and emission filter
(ET655LP-TRF). In some experiments, an objective heater (Bioptechs)
was used to raise the observation temperature to as high as 29 °C
(calibrated against a reference thermistor provided by the manufacturer
for the specific sample cell geometry used in this study).

2.5. Imaging solution

Unless otherwise specified, all SIMREPS assays were carried out in an
imaging solution comprising 1 x PBS, pH 7.4 or 6 x PBS, pH 7.4 (Gibco);
an oxygen scavenger system (Aitken et al., 2008) consisting of 5 mM 3,
4-dihydroxybenzoic acid (Fisher, #AC114891000), 0.05 mg/mL proto-
catechuate 3,4-dioxygenase (Sigma Aldrich, #P8279-25UN), and 1 mM
Trolox (Fisher, #218940050); and 75-100 nM fluorophore-labelled
detection aptamers.

2.6. SiMREPS assays of recombinant antigens

All sample handling was performed in GeneMate low-adhesion 1.7-
mL microcentrifuge tubes, and dilutions were performed in 25% Horse
serum, 0.75 x PBS, pH 7.4, and 7.5 mg/mL BSA. The slide surface was
washed with 100 pL of T50 buffer (10 mM Tris-HCl, 50 mM NaCl, 1 mm
EDTA, pH 8.0) for 10 minutes followed by the addition of 40 pL 1 mg/
mL streptavidin. After 10 min, excess streptavidin was removed, and the
sample chamber washed three times with 100 pL of 1 x PBS. Next, the
coverslip was coated with the biotinylated capture antibody by adding
40 pL of a solution containing 10 nM of biotinylated capture antibody in
1 x PBS buffer and incubating for 30 min. Excess antibody was removed
and the sample wells washed three times with 100 pL of 1 x PBS. A 100-
pL portion of the antigen or blank solution was added to the sample
chamber and incubated for 1 h to capture the antigen on the coverslip
surface. The sample was removed, the sample cell washed twice with
100 pL of 1 x PBS, and 200 pL of imaging solution added. Kinetic fin-
gerprints of aptamer binding were immediately imaged by TIRF mi-
croscopy using an acquisition time of 1 min-2 min per field of view
(FOV) for IL-8 or 10 min per FOV for VEGF¢s.

2.7. Wash-free SIMREPS standard curves

Capture antibody-coated glass coverslips were prepared as described
above (Section 2.6.). A 200-puL volume of a mixture containing varying

concentrations of recombinant human IL-8 and VEGF;¢5 spiked into 1%
horse serum in 1 x PBS (IL-8 standard curve) or 6 x PBS (VEGFie5
standard curve), pH 7.4, containing 5 mM 3,4-dihydroxybenzoic acid,
0.05 mg/mL protocatechuate 3,4-dioxygenase, 1 mM Trolox, and 75 nM
(IL-8 detection) or 100 nM (VEGF;¢5 detection) of fluorophore-labelled
aptamer was added to the sample well and incubated for 40 min. Kinetic
fingerprints of detection aptamer binding were then immediately
imaged by TIRF microscopy using an acquisition time of 1 min per FOV
at 24 °C for IL-8 detection and 5 min per FOV at 21 °C for VEGFj¢5
detection.

2.8. Wash-free measurement of endogenous IL-8 in human serum

Capture antibody-coated coverslips were prepared as described
above (Section 2.6.). Samples of 2% and 10% human serum were pre-
pared by adding 4 pL or 20 pL of human serum to a total volume of 200
pL imaging solution containing: 1 x PBS, pH 7.4, 5 mM 3,4-dihydroxy-
benzoic acid, 0.05 mg/mL protocatechuate 3,4-dioxygenase, 1 mM
Trolox, and 75 nM of detection aptamer. This 200 pL mixture was added
to the sample well and incubated for 40 min. Kinetic fingerprints of
detection aptamer binding were then immediately imaged by TIRF mi-
croscopy using an acquisition time of 1 min per FOV at an acquisition
temperature of 24 °C.

2.9. ELISA standard curves

Standard curves for detection of IL-8 from 100% human serum were
performed using an IL-8 sandwich ELISA kit (Abcam, catalog #
ab214030) according to the manufacturer’s recommended protocol. The
manufacturer’s claimed LOD for the ELISA kit is 211 fM (1.8 pg/mL).

2.10. Analysis of SIMREPS data

SiMREPS data were analyzed using custom MATLAB code to identify
sites of fluorophore labelled aptamer probe binding and analyze the
kinetics of repeated binding as described previously using a diffraction-
limited analysis pipeline (Johnson-Buck et al., 2019). Briefly, regions of
repeated probe binding and dissociation (regions of interest, ROIs) in the
FOV were identified by determining the average absolute
frame-to-frame change in intensity at each pixel to create an intensity
fluctuation map and then defining ROIs as the 3 x 3-pixel regions
centered on local maxima within the fluctuation map. Next, the inte-
grated, background-subtracted intensity within each ROI was calculated
for each frame in the movie to generate an intensity-versus-time trace.
These candidate traces were subjected to hidden Markov modeling
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(HMM) using a version of vbFRET (Bronson et al., 2009). The idealized
trace generated via HMM was used to determine several parameters for
SiMREPS kinetic fingerprinting analysis: Ny, 4, the number of binding
and dissociation events; Ton median aNd Toff median, the median dwell times in
the probe-bound and probe-unbound states, respectively; Ty max, the
maximum dwell time in the probe-unbound state; and S/n’ the

signal-to-noise ratio, defined as the standard deviation of the fluores-
cence intensity divided by the mean intensity difference between bound
and unbound states. Threshold values for each of these parameters to
count a trace as a positive detection event were optimized heuristically
for each probe-antigen pair.

3. Results and discussion
3.1. Aptamer based kinetic fingerprinting assay design

Our aptamer-based protein SIMREPS assays use two probes: a cap-
ture antibody, typically an IgG, with slow dissociation kinetics; and a
low-affinity RNA aptamer with rapid dissociation kinetics (Ko
~0.05-0.5s71) (Fig. 1A). The capture antibody is modified with biotin
to permit surface immobilization of the target protein via a streptavidin
bridge to a biotin-PEG (polyethylene glycol)-coated coverslip, while the
aptamer is modified with an organic fluorophore either at the 3’ end or
5’ end to enable detection of its binding to the coverslip surface by total
internal reflection fluorescence (TIRF) microscopy (Fig. 1A and B). As in
their originally published form, the aptamers bear 2'-fluoro modifica-
tions at all pyrimidine nucleotides to increase the stability of the
aptamers in serum (Ruckman et al., 1998; Sung et al., 2014). As in other
immunoassays, we find that the fluorophore-labelled aptamers exhibit
some nonspecific binding to assay surfaces, albeit at much lower levels
than most fluorophore-labelled detection antibodies (Chatterjee et al.,
2020), upon single molecule observation (Fig. 1C). In the absence of
kinetic fingerprinting, this nonspecific binding would constitute back-
ground signal that could not be distinguished from specific binding.
However, we find that the nonspecific binding typically exhibits kinetics
of interaction quite distinct from the more repetitive specific binding of
the detection aptamer to the target protein, making it readily distin-
guishable by analysis of localized fluorescence intensity fluctuations
over time (Fig. 1D). Most notably, nonspecific interactions occur with
much lower frequency at any given location on the surface, while the
specific binding to the target protein generates repetitive binding at the
same location (Fig. 1C and D). Thus by applying empirically determined
thresholds that include a minimum number of binding (fluorescence-on
transition) and dissociation (fluorescence-off transition) events (N 4) as
well as minimum and maximum values of the median dwell time in the
probe-bound state (7on,median), We can distinguish single molecule traces
arising from specific versus non-specific binding. Kinetic filtering thus
helps to reduce false positive counts while keeping the majority of true
positives, demonstrating the high specificity of aptamer based single
molecule protein detection by kinetic fingerprinting. Significantly, in
contrast to the multi-state intensity traces observed with inherently
non-stoichiometrically labelled antibodies (Chatterjee et al., 2020), the
single molecule time traces in the present study show two-state behavior
since each copy of aptamer has (at most) one copy of active fluorophore
(Fig. 1D). This simplifies the HMM fitting of the intensity-versus-time
data and hence permits extraction of more accurate kinetic informa-
tion for the digital counting of true positives.

3.2. Aptamer modification and assay optimization for VEGF1¢5 detection

For the detection of VEGFi45, we adopted aptamer t22 from the
literature (Ruckman et al., 1998) (Fig. 1D). The aptamer was generated
by SELEX from a randomized library of RNA sequences to bind VEGF;65
with high affinity and high specificity. Consistent with the expected
specific binding of the aptamer to VEGFjgs5, our single-molecule
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fluorescence imaging revealed 8-10 times more fluorescent spots per
FOV in the sample well containing VEGF;¢5 than in a control well
without VEGFy¢5 (Fig. S1). However, consistent with the reported slow
dissociation rate (kg ~ 0.012 + 0.0025 s~1), stable binding of t22 probe
to the surface captured VEGF;¢5 was observed in single molecule im-
aging, with lifetimes of several tens of seconds in the bound state. While
useable, this dissociation rate is slower than ideal for a SiMREPS
detection probe. This is because, in contrast to conventional detection
probes, the best performance in SiMREPS is achieved not through high
affinity for the analyte, but through observation of repeated in-
teractions, which benefits from fast kinetics of binding and dissociation.
Specifically, since the transient binding of the aptamer probe to a
surface-immobilized protein target can be idealized as a Poisson process,
the standard deviation in the number of binding and dissociation events
(Np..q) is expected to increase only as (/Np4), increasing the separation
between specific and nonspecific kinetic signatures with increasing
numbers of observed events. Thus to achieve high sensitivity and spec-
ificity in SIMREPS, it is helpful to have fast association (k,,) and disso-
ciation (k) rate constants, which yield high N4 values in a shorter
observation time. The most useful probes should exhibit k,, values of at
least 0.5 x 10° M~ s7! and, with our typical time resolution, ko values
of 0.05-0.5 s~ . Thus for a tightly binding probe like the t22 aptamer of
VEGF165, N4 values are low, as the incumbent probe inhibits the
binding of a new probe to the same analyte molecule. The relatively slow
dissociation of t22 from the surface captured VEGF;¢5 thus makes it
difficult to distinguish true and false positives on the basis of repeated
binding (Fig. S2). However, after increasing the salt concentration 6-fold
(from 1 x PBS to 6 x PBS), a subpopulation of traces in the sample well
showed kinetics distinct from the blank well and could thus be labeled as
true positives by applying appropriate kinetic filtering parameters
(Fig. 2 D-E and Fig. S2). This influence of ionic strength suggests the
involvement of ionic interactions between the probe and antigen.
Raising the temperature yielded further increase in kinetics, but was not
sufficient to separate the signal from the background completely (Fig. S3
and Fig. 2 D, E). To further improve performance, we screened five
rationally designed mutations of t22 to evaluate their impact on kinetics
(Fig. 2A and S4). Out of the mutations examined, a single G-to-A mu-
tation in the conserved region of the t22 sequence (t22 G—A) yielded the
greatest improvement in performance (Fig. 2A and B) due to its ~10-fold
faster dissociation (kg = 0.22 s 1 for t22 G>A vs kogr=0.02 s~ for t22)
and ~2.3-fold faster association (kop = 5.1 x 10° M 's!for 22 GoAvs
kon = 2.2 x 10° M~ s7! for t22) compared to the original t22 aptamer
under identical buffer and imaging conditions (Fig. 2C). The increases in
both dissociation and association rate accelerated the repeated binding
of individual target molecules (Fig. 2B), increasing Np;q4 and thus
permitting substantially better resolution of specific from nonspecific
kinetic behavior (Fig. 2F and G) (Johnson-Buck et al., 2015). We also
attempted to further increase the ko4 of the mutated aptamer (t22 G—A)
by increasing the ionic strength of the buffer (from 6x PBS to 8x PBS) and
temperature of the medium (from 21 °C to 28 °C). Increasing the ionic
strength further causes little increase in the ks value of the mutated
aptamer but reduces the N, 4 value due to a decrease in association rate
(kon) (Fig. S5). On the other hand, increasing temperature to 28 °C has a
negligible effect on the binding kinetics of the t22 G—A aptamer
(Fig. S5). Thus, the assay of VEGF; 5 by the t22 G—A aptamer appears to
perform best at 6X PBS and 21 °C out of all conditions examined
(Fig. S5). In conclusion, unlike with antibody probes, it is feasible to
design site-specific nucleobase modifications by chemical synthesis to
convert a stably binding aptamer to a lower-affinity SIMREPS probe
showing rapid, repeated binding and dissociation.

3.3. Aptamer sourcing and assay optimization for IL-8 detection

The aptamers used for IL-8 detection in this study are shown in
Fig. 1B. The parent aptamer 8A-W (91 nt) was generated in a previous
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Fig. 2. Aptamer based detection of VEGF;es. (A) G-to-A mutation (Shown in red and bold-faced) in the conserved region (boxed) of the t22 aptamer results in the
more rapidly dissociating t22 G—A aptamer. (B) Representative kinetic time traces of interaction of VEGF;65 with the t22 aptamer (upper trace) and the t22 G— A
aptamer (lower trace). (C) Cumulative bound and unbound (inset) dwell time histograms of the Cy5-labelled t22 aptamer (blue squares) and t22 G— A aptamer (red
circles). The overall binding (k) and dissociation (ko) rate constants of interaction between VEGF;¢5 and t22 or between VEGF; 65 and t22 G— A are indicated. The
reported errors are the standard error of the mean from two independent replicates. (D, E, F, G) Scatterplots of Np,4 and 7on median for all intensity-versus-time
trajectories observed within a single field of view in the absence (D, F) and in the presence (E, G) of 5 pM VEGF;45 (10 minutes acquisition time, 500 ms expo-
sure, 1200 frames). (D) and (E) depict the kinetics of the original t22 aptamer, while (F) and (G) depict the kinetics of the modified t22 G—A aptamer. The dashed
lines indicate the minimum and maximum thresholds for accepting a trace as evidence of a single VEGF;¢5 molecule. “+” symbols represent traces that do not pass
filtering for intensity, signal-to-noise, and/or kinetics and are rejected as detection events of VEGF¢s; red filled circles represent traces that pass filtering and are

considered positive detection events.

report by the SELEX method against human IL-8 and was then truncated
to generate 8A-44 (44 nt, 14.6 kDa), 8A-35 (35 nt, 11.8 kDa) and 8A-30
(30 nt, 10.1 kDa), without compromising binding to IL-8 (Sung et al.,
2014). We hypothesized that the more truncated versions of these
aptamers might perform better as SIMREPS probes because previous
reports show that smaller probes often have better access to the epitope
on the target protein, especially when a small protein is immobilized by
a capture antibody (Dey et al., 2005; Lee et al., 2006). To systematically
assess the effect of aptamer size on the kinetics of binding to the small
(8.4 kDa) protein IL-8, we employed two different antigen capture
strategies: direct capture, in which C-terminally biotin-labelled IL-8 was
immobilized directly on the surface by the biotin-streptavidin interac-
tion; and antibody-mediated capture, in which non-biotinylated IL-8
was captured on the surface by a surface-immobilized biotinylated
monoclonal antibody (Fig. 3A). Kinetic time trajectories of single IL-8
molecules interacting with the various Cy5-labelled aptamers show
that binding and dissociation kinetics are systematically influenced by
both aptamer truncation and the capture strategy (Fig. S6). To gain more
quantitative insight, association and dissociation rate constants were
calculated from the dwell time distributions in the aptamer-unbound
and -bound states, respectively, and are shown in Table 1.

In direct capture, all the aptamer variants show similar dissociation
rates (ko ~ 0.5 sh (Fig. 3B), but their association rates decrease from
5.68 x 10° M1 s t02.08 x 10 M~! s ! as the aptamer size increases
(Fig. 3C). This inverse relationship between size and binding rate may
result in part from the slower diffusion coefficient D of the probe with
increasing molecular weight M; however, the expected relationship D«
L\/I_VI (Grushka and Kikta, 1976) would only account for a ~1.2-fold

change in binding kinetics, suggesting that other factors such as reduced
productivity of collisions may be playing a role. In antibody-mediated

capture, the dissociation rate from the IL-8 binding site increases for
all the aptamers, albeit to different degrees (Fig. 3D). The dissociation
rate is fastest for 8A-44 (kg ~ 2.5 s~ 1) and slowest for 8A-30 (kogt ~ 1.17
s 1), suggesting that steric hindrance between the antibody and larger
aptamers may be accelerating dissociation. = Furthermore,
antibody-mediated capture reduces the association rates of all the
aptamers, but by the greatest factor for the larger aptamers 8A-44 and
8A-35; for the short 8A-30 aptamer, the association rate only decreases
by a factor of ~1.2 (Fig. 3E). The fast binding and dissociation of 8A-30
results in a higher number of binding/dissociation events (Nyq) within
a given observation period and, hence, better separation between signal
and background kinetics, than 8A-35 or 8A-44 (Fig. 3F and G and Supp.
Info. Fig. S7). This shows that the performance of an aptamer in SiM-
REPS can be improved by truncating non-conserved portions of the
sequence, resulting in faster kinetics and therefore more rapid data
acquisition and/or higher analytical performance. Such optimizations
are difficult or impossible for antibody probes, which have a relatively
fixed overall structure that cannot be easily modified. Due to its fast
kinetics, 8A-30 was chosen for further use and optimization in SIMREPS
assays of IL-8 in serum (Fig. 3H and I). As an additional optimization, we
found that slightly raising temperature from 21 °C to 24 °C further in-
creases the kinetics of 8A-30, permitting a data acquisition time of only
1 min per field of view without compromising signal/background
discrimination (Fig. 3H, I and Fig. S8). Further increasing to 27-29 °C
did not result in significant improvements relative to 24 °C.

3.4. Analytical performance and detection of endogenous IL-8 in human
serum

To investigate the sensitivity and specificity of aptamer-based SiM-
REPS protein assays, human VEGF;¢5 and IL-8 were spiked into horse
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Fig. 3. Characterization of aptamer probes for IL-8. (A) Schematic depiction of two capture strategies for IL-8: direct capture of C-terminally biotinylated IL-8 to
streptavidin; and antibody-mediated capture of non-biotinylated IL-8. (B, C) Dissociation rate constants (B) and association rate constants (C) of Cy5 labelled
aptamers (8A-44, 8A-35 and 8A-30) interacting with directly captured biotinylated IL-8 as measured by TIRF microscopy. (D, E) Dissociation rate constants (D) and
association rate constants (E) of Cy5-labelled aptamers interacting with antibody-captured IL-8. Error bars represents the standard error of the mean from two
independent replicates. (F, G) Normalized histograms of the number of intensity transitions per single-molecule trace arising from aptamer binding or dissociation
(Np.q) of Cy5-labelled aptamers interacting with directly captured biotinylated IL-8 (F) or antibody-captured IL-8 (G) with a 5-min acquisition time at 21 °C. H, I
Scatterplots of Ny g and 7,n median for all intensity-versus-time trajectories observed within a single field of view in the presence (H) and in the absence (I) of 1 pM IL-8
(1 min acquisition time at 24 °C). Dashed lines indicate thresholds for accepting a trace as evidence of a single IL-8 molecule. Points indicated by “+” represent traces
that do not pass filtering for intensity, signal-to-noise, and/or kinetics and are not considered as interactions between IL-8 and 8A-30 aptamer. Points indicated by red
filled circles represent traces that pass filtering and are considered positive detection events.

Table 1

Binding parameters arising from interaction between Cy5-labelled 8A aptamers
(at 75 nM) and IL-8 in 25% horse serum at 21 °C as determined by single-
molecule fluorescence microscopy.

Capture strategy Aptamer ko, x 107° kogr ™ Kp (M)
™M s
Direct IL-8 capture 8A-44 2.08 £0.12 0.55 + 0.264 +
0.04 0.061
8A-35 3.21 £0.18 0.54 + 0.168 +
0.09 0.032
8A-30 5.68 + 0.09 0.50 + 0.088 +
0.04 0.010
Antibody mediated 8A-44 0.99 +0.11 2.50 + 2.52 +
capture 0.13 0.074
8A-35 2.29 + 0.32 232+ 1.01 +
0.09 0.089
8A-30 4.48 £ 0.28 117 + 0.261 +
0.05 0.018

serum at varying concentrations and then measured by SiMREPS using
our nuclease-resistant 2'-fluoropyrimidine-modified RNA aptamers.
These assays were performed using a wash-free protocol wherein serum
samples with spiked in protein was simply mixed with imaging buffer,
added to a capture-antibody-coated coverslip surface, and then imaged
after a suitable incubation period (Fig. 4A). Hence, unlike in conven-
tional assays, neither the sample nor the excess detection probe need to
be washed away after sample addition. The acquisition parameters and
kinetic filtering criteria for the quantification of VEGF;65 and IL-8 are
shown in the Supplementary Information (Table S2). As shown in Fig. 4B
and C, the aptamer probes detect IL-8 and VEGF;45 spiked into serum
with very low background, and the signal exhibits a linear dependence
upon target protein concentration. The fact that wash-free experiments
in serum yield low background signal suggests that any interference
from the complex mixture of biomolecules in a serum matrix can be

largely or completely overcome by kinetic filtering in SIMREPS (Fig. S9).
The estimated LODs are 3.1 fM (0.026 pg/mL) for IL-8 and 8.9 fM (0.34
pg/mL) for VEGF; 65, demonstrating high sensitivity for both targets. The
same assays performed with the original, unmodified aptamers (t22 and
8A-44) show much lower sensitivity (~7-fold higher LOD for VEGF165
and ~16-fold higher LOD for IL-8) than the corresponding mutated/
truncated aptamers under identical experimental conditions, supporting
the effectiveness of the chosen aptamer modifications for highly sensi-
tive detection of proteins by SiMREPS assays (Fig. S10). The lower
sensitivity of the unmodified aptamers is mainly due to the less complete
separation between signal and background (due to slower kinetics) that
results in higher false positive counts in blank measurements. We have
also found that the high sensitivity of aptamer based SIMREPS allowed
detection of IL-8 from as low as 1:50 diluted (2%) human serum (0.035
pg/mL IL-8, corresponding to 1.75 pg/mL IL-8 in the original serum
sample) while the corresponding sandwich ELISA failed to detect IL-8
even at in undiluted (100%) human serum, showing that aptamer-
based SiMREPS can detect analytes too dilute to assay by conventional
methods (Fig. 4D and E).

4. Conclusions

In this study, we have demonstrated the applicability of fluorophore-
labelled aptamers as rationally tunable probes for the highly sensitive
and specific detection of two clinically relevant protein biomarkers,
VEGF;65 and IL-8, by SiMREPS. As with previously reported protein-
SiMREPS assays using Fab antibody detection probes (Chatterjee
et al., 2020), aptamer-based SiMREPS achieves low-femtomolar
(sub-pg/mL) LODs in animal and human serum, exceeding the sensi-
tivity of commercial ELISAs by more than two orders of magnitude, and
can be performed using a wash-free protocol that bypasses the tedious
multi-step washing protocols required of most immunoassays. However,
as we have shown here, aptamers possess several advantages as SiM-
REPS probes compared to antibodies, including the ability to rationally
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Fig. 4. Wash-free assays of spiked-in and endogenous protein targets. (A) Wash-free SIMREPS protocol for quantifying IL-8 and VEGF¢s in serum. A serum sample
containing spiked-in or endogenous IL-8 or VEGF;¢5 is combined with the imaging solution and then added to a capture antibody-coated coverslip. After a suitable
incubation period (40 min), the sample is imaged by TIRF microscopy to quantify IL-8 and VEGF;¢s. (B, C) Standard curves showing quantification of spiked-in
VEGF;65 (B) or IL-8 (C) using aptamer-based SiMREPS (blue squares) or sandwich ELISA (orange circles). Linear regression fits are shown as blue (SiMREPS) or
orange (sandwich ELISA) solid lines. Error bars indicate the SD of three independent measurements. (D) Scatterplots of Ny 4 and 7,p, median for all intensity-versus-time
trajectories observed within a single field of view for the detection of endogenous IL-8 from 2% Human serum at 24 °C. (E) SiMREPS detects IL-8 in 2% and 10%
Human serum (blue square); by contrast, a commercial ELISA (orange circle) cannot detect IL-8 even in undiluted (100%) Human serum.

tune their kinetics of interaction with the target through selective mu-
tation or truncation, and the ease of introducing site-specific and stoi-
chiometric fluorophore modifications using chemical synthesis. These
features have direct impact on their use as SIMREPS probes by influ-
encing the required data acquisition time (faster kinetics result in faster
data collection) and complexity of intensity-versus time traces (two-s-
tate intensity behavior is simpler to analyze than multi-state behavior).
Aptamers are also simpler to generate, cheaper to synthesize, and—if
nuclease-resistant nucleotides are used as was done here—more tolerant
of varied storage conditions than antibodies. Importantly, the aptamers
examined in this study showed even less nonspecific binding to assay
surfaces and matrix proteins than most antibody probes examined
previously.

We have shown two kinds of rational modification of aptamer se-
quences to improve their performance as SIMREPS probes: reduction in
affinity of tightly binding probes using single-nucleotide changes in the
conserved target-binding region, and increasing binding kinetics by
truncating sequence not directly involved in the interaction. We only
needed a very limited number of trials (<10) to optimize the design.
Given that aptamers suitable to such rapid rational redesign are avail-
able from SELEX approaches against over 1000 human proteins (Brody
etal., 2012; Gold et al., 2010; Hathout et al., 2015; Thanasupawat et al.,
2021), our assay can be readily adapted to many biomarkers of disease.
In addition, as with antibody probes (Chatterjee et al., 2020), binding
and/or dissociation rates can be increased by elevating the temperature
or by manipulating the ionic strength of the solution, resulting in
improved assay performance or reduced measurement time. Thus,
although antibody detection probes for SIMREPS are readily generated
by phage display, the addition of aptamers as detection probes provides
more paths to generating probes with the desired rapid binding and
dissociation kinetics, and therefore is expected to drastically facilitate
the development of high-performance assays against a wide range of
targets important in research and diagnostics.
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Figure S1. Fluorescent spot density of 22 aptamer in presence and absence of VEGF¢5. Single
field of view showing fluorescent spots density on the surface in presence of 5 pM VEGF 45 (A) and in
absence of VEGF1es (B). The number of fluorescent spots is ~8-10 times higher in the sample well
containing VEGF1es than the control well without VEGF+s5 under identical buffer (1X PBS containing
100 nM Cy5 labelled t22 aptamer) and imaging condition (C). Intensity threshold for fluorescent spot
counting is ltreshold = 600 and signal to noise ratio, S/N = 2.

Figure S2: Effect of Salt concentration on the binding kinetics of t22 aptamer to VEGF65. Scatter
plots of Np+q and Tonmedian fOr all intensity-versus-time trajectories observed within a single field of view
in the absence of VEGF1e5(A) and in the presence (B , C) of 5 pM VEGF165. The imaging solution for
A and B contains 1x PBS and that of C contains 6x PBS. Points indicated by “+” represent traces that
do not pass filtering for intensity, signal-to-noise, and/or kinetics and are not classified as arising from
interaction between VEGF 165 and aptamers. Points indicated by red filled circles represent traces that
pass filtering and are considered positive detection events.



Figure S3: Influence of both temperature and ionic strength on the interaction of t22 aptamer to
VEGF6s. Scatter plots of Nb+g and Tonmedian for all intensity-versus-time trajectories observed within a
single field of view in the absence of VEGF 165(A) and in the presence (B) of 60 pM biotinylated VEGF165.
The imaging solution for A and B contains 6x PBS and the data were collected at 36 °C. Points indicated
by “+” represent traces that do not pass filtering for intensity, signal-to-noise, and/or kinetics and are
not considered as interaction between VEGF-165 and aptamers. Points indicated by red filled circles
represent traces that pass filtering and are considered positive detection events.

Figure S4: Effect of aptamer modification on binding to VEGF 165. Modified aptamers of t22 (A-D).
The mutated bases are shown in bold red color. The respective lower panel shows scatter plots of
Nb+d @nd Ton,median fOr all intensity-versus-time trajectories observed within a single field of view in the
presence of 5 pM VEGF1ss5 in 6x PBS at room temperature. While the modified aptamers shown in
figure A, B and C still interacts with VEGF1e5. Mutation of G to A in position shown in figure D
completely abolish interaction with VEGF1es.



Figure S5: Effect of increasing ionic strength and temperature on binding kinetics and assay
performance of t22 G— A aptamer. Binding and dissociation assay of t22 G —A aptamer under
varying ionic strength and temperature. (A ,B) Cumulative bound (A) and unbound (B) dwell time
histograms of the Cy5-labelled t22 G — A aptamer (8X PBS - black squares; 6X PBS - red circles; 6X
PBS at 28 °C — blue triangles). The overall binding (kon) and dissociation (ko) rate constants of
interaction between VEGF 165 and t22 G — A aptamer are indicated. (C) Variation in accepted counts/
FOV for the detection of 2.56 pM VEGF1e5 by t22 G — A aptamer under varying conditions.

Figure S6: Representative kinetic time traces showing interaction of 8A aptamers with IL-8. (A)
The interaction of 8A aptamers with directly surface captured biotinylated IL-8. (B) Interactions of 8A
aptamers with monoclonal antibody captured IL-8.



Figure S7: Effect of probe length (8A-30 and 8A-44 aptamer) on SIMREPS assay performance.
Scatter plots of Np+qand Tonmedian fOr all intensity-versus-time trajectories observed within a single field
of view in the absence of IL-8 (A and C) and in the presence of 10 pM IL-8 (B and D) in 25% Horse
serum using a 2 min acquisition time at 24 °C. A and B represent experiments done with the 8A-44
probe; C and D represent experiments done with the 8 A-30 probe. Dashed lines indicate thresholds for
accepting a trace as evidence of a single IL-8 molecule. Points indicated by “+” represent traces that
do not pass filtering for intensity, signal-to-noise, and/or kinetics and are not classified as interactions
between IL-8 and 8A aptamers. Points indicated by red filled circles represent traces that pass filtering
and are classified as positive detection events.

Figure S8: Influence of temperature on the interaction kinetics of 8 A-30 aptamer with IL-8. (A)
The peak of the Np+q distribution shifts towards higher values by increasing the temperature from 21 °C
to 24 °C. A further increase in temperature does not further affect the peak. (B) The aptamer bound
time and hence the dissociation rates are similar at different temperatures. (C) The association rate
increases with an increase in temperature from 21 °C to 24 °C. However, increasing the temperature
further to 27 °C only changes the shape of the cumulative distribution curve.



Figure S9: Background signal and kinetic filtering in 25% horse serum matrix under wash free
condition. Scatter plots of Np+qgand Tonmedian fOr all intensity-versus-time trajectories observed within a
single field of view in 1X PBS (A) and in Horse serum (B) without spiked-in VEGF1es. Scatter plots of
Np+gand Ton median fOr all intensity-versus-time trajectories observed within a single field of view in 1X PBS
(C) and in Horse serum (D) without spiked-in IL-8 . The aptamer used for experiment (A and B) is t22
G—A and 8A-30 for IL-8 (C and D). Dashed lines indicate thresholds for accepting a trace as evidence
of a single protein molecule. Points indicated by “+” represent traces that do not pass filtering for
intensity, signal-to-noise, and/or kinetics and are not considered as interactions between VEGF165 and
t22 G—A aptamer (A, B) and IL-8 and 8A-30 aptamer (C, D). Points indicated by red filled circles
represent traces that pass filtering and are considered positive detection events.



Figure S10: Limit of detection (LOD) calculation for VEGFs and IL-8 quantification using
original aptamers (t22 and 8A-44). Standard curves showing quantification of spiked-in VEGF1e5 (A)
and IL-8 (B) in 25% Horse serum under wash free condition using t22 and 8A-44 aptamers respectively.
Linear regression fits are shown as blue solid lines. Error bars indicates standard deviation of the mean

from three independent experiments.



Supplementary Table S1: Oligonucleotide Sequences of 2 -fluoropyrimidine-modified RNA

aptamers.

Modified Aptamer sequences with nucleobase modifications (IDT, www.idtdna.com)

RNA

Aptamers

8A-44 5'GGGGG/i2FC//i2FU//i2FU/A/i2FU//i2FC/A/i2FU//i2FU//i2FC//i2FC/A/i2FU//i2FU//i
2FU/AG/i2FU/G/i2FU//i2FU/A/i2FU/GA/i2FU/AA/i2FC//i2FC//i2FU/UCCCAUCA 3°Cy5

8A-35 5'GGGGG/i2FC//i2FU//i2FU/A/i2FU//i2FC/A/i2FU//i2FU//i2FC//i2FC/A/i2FU//i2FU//i
2FU/AG/i2FU/G/i2FU//i2FU/A/i2FU/GA/i2FU/AA/i2FC//i2FC// 3°Cy5

8A-30 5°'Cy5/GGG/i2FU//i2FU/A/i2FU//i2FC/A/i2FU//i2FU//i2FC//i2FC/A/i2FU//i2FU//i2FU/
AG/i2FU/G/i2FU//i2FU/A/i2FU/GA/i2FU/AA

t22 5'G/i2FC/GG/i2FU/AGGAAGAA/i2FU//i2FU/GGAAG/i2FC/G/i2FC// 3'Cy5




Supplementary Table S2: Acquisition parameters and kinetic filtering criteria for optimized
SiMREPS assays of each antigen.

IL-8 VEGF 165

Aptamer
Detection probe Aptamer 8A-30
122 G—A

Detection probe
concentration (nM) e b
Exposure time per
frame (s) 02 o0
Acquisition time 1 5
(min)
Acquisition
temperature (°C) 2 g
Minimum 7, per 2 2
event
Minimum 7, per 2 3
trace
Minimum Ny, 4 8 5
Maximum Ny 4 50 100
Minimum Ton,median 0.25 1
(s)
Maximum Ton,median 2 5.5
(s)
Minimum 7, ¢ ¢ median 0.8 2

(s)

Maximum T,¢ ¢ median 50 200

()
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