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The sensitive and accurate quantification of protein biomarkers
plays important roles in clinical diagnostics and biomedical re-
search. Sandwich ELISA and its variants accomplish the capture
and detection of a target protein via two antibodies that tightly
bind at least two distinct epitopes of the same antigen and have
been the gold standard for sensitive protein quantitation for
decades. However, existing antibody-based assays cannot distin-
guish between signal arising from specific binding to the protein
of interest and nonspecific binding to assay surfaces or matrix
components, resulting in significant background signal even in
the absence of the analyte. As a result, they generally do not
achieve single-molecule sensitivity, and they require two high-
affinity antibodies as well as stringent washing to maximize sen-
sitivity and reproducibility. Here, we show that surface capture
with a high-affinity antibody combined with kinetic fingerprinting
using a dynamically binding, low-affinity fluorescent antibody frag-
ment differentiates between specific and nonspecific binding at the
single-molecule level, permitting the direct, digital counting of sin-
gle protein molecules with femtomolar-to-attomolar limits of detec-
tion (LODs). We apply this approach to four exemplary antigens
spiked into serum, demonstrating LODs 55- to 383-fold lower than
commercially available ELISA. As a real-world application, we estab-
lish that endogenous interleukin-6 (IL-6) can be quantified in 2-pL
serum samples from chimeric antigen receptor T cell (CAR-T cell)
therapy patients without washing away excess serum or detection
probes, as is required in ELISA-based approaches. This kinetic finger-
printing thus exhibits great potential for the ultrasensitive, rapid,
and streamlined detection of many clinically relevant proteins.

biomarker detection | single-molecule fluorescence | kinetic
fingerprinting | total internal reflection microscopy |
superresolution microscopy

rotein and polypeptide biomarkers are widely used to dif-

ferentiate between healthy and diseased states in both clini-
cal and research settings (1). In addition to such long-standing
diagnostic biomarkers as prostate-specific antigen (PSA) (2) and
the liver injury-associated enzymes ALT and AST (3), protein
biomarkers are increasingly sought for the early detection of
disease through noninvasive approaches such as liquid biopsies
of cancer (4) or serum-based detection of neurodegenerative
disease (5). For example, the CancerSEEK panel detects eight
common cancer types via a blood test that measures a combi-
nation of circulating tumor DNA mutations and eight protein
biomarkers (6). Due to the often low (e.g., femtomolar or sub-
femtomolar) concentrations of protein biomarkers at the earliest
stages of disease, sensitive analytical techniques are required to
detect and quantify them.

While subfemtomolar limits of detection (LODs) are readily
achieved for many DNA and RNA biomarkers due to the
availability of PCR and related techniques, no such amplification
is possible for protein analytes. The most sensitive and specific
immunoassays tend to utilize a “sandwich” assay format, in which
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the analyte is captured at a surface by one antibody and detected
through the binding of a second antibody, the latter often con-
jugated to an enzymatic developing reagent for signal amplifi-
cation and detection by ELISA. However, to achieve maximal
sensitivity and reproducibility, these assays—developed almost
50 y ago (7)—require stringent washing to remove excess re-
agents, as well as the availability of at least two antibodies that
bind different epitopes on the same antigen with both high af-
finity and high specificity. Even with stringent washing and high-
quality antibodies, however, nonspecific binding of probes to the
assay surface and/or spontaneous conversion of the chromogenic
substrate produce nonnegligible levels of background signal (8).
Consequently, conventional ELISAs often fail to reliably achieve
LODs below 1 pM (1072 M), which may render many poten-
tially useful biomarkers analytically inaccessible. Indeed, 9 of the
39 candidate protein biomarkers examined in the CancerSEEK
study were present in concentrations at or below the LOD of the
commercially available assays in at least 50% of the samples
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assayed, precluding their development into potentially informa-
tive biomarkers (6).

In the past decade, platforms such as Simoa (9, 10) and
Erenna (11) have exploited single-molecule detection to achieve
LODs in the low-femtomolar and attomolar range for protein
analytes. These are essentially digital versions of a sandwich
immunoassay, and achieve single-molecule analyte detection by
either carrying out the enzymatic amplification step in femtoliter-
sized wells (Simoa) or fluorescence detection of an eluted probe
under capillary flow (Erenna). While offering dramatic improve-
ments in sensitivity over conventional ELISA, Simoa and Erenna
still require two high-affinity and high-specificity antibodies
together with stringent washing to remove excess reagent and
necessitate more complex sample handling than traditional
immunoassays. Furthermore, as in conventional ELISA, false
positives can arise from detection antibodies that bind non-
specifically to assay surfaces, in practice giving LODs orders of
magnitude above the levels achievable in the digital detection
of nucleic acids (12). Although passivation methods have been
developed to reduce the nonspecific binding of proteins to as-
say surfaces (13-15), nontrivial levels of nonspecific binding are
still evident when methods with single-molecule sensitivity are
employed (14).

We recently introduced a distinct approach for the digital
detection of single nucleic acid molecules, termed SiMREPS
(single-molecule recognition through equilibrium Poisson sam-
pling), that leverages transiently binding detection probes to
generate kinetic fingerprints (16). SIMREPS monitors the re-
petitive binding of fluorescently labeled probes to the same
molecular copy of a surface-immobilized analyte to achieve ex-
tremely high-confidence detection of that single analyte mole-
cule without any enzymatic amplification, and with 99.99999%
specificity for point mutations in a DNA sequence (17). Here, we
show that the SIMREPS principle can be extended to the direct
detection of single protein molecules by the in vitro selection of
probes with sufficiently fast dissociation kinetics for repetitive
probing. Since specific and nonspecific binding of the detection
antibodies yield distinguishable kinetic patterns, this approach
enables the detection of low-femtomolar or subfemtomolar
concentrations of four model target proteins in serum with vir-
tually no background signal. Furthermore, because detection
probes need not be washed away prior to measurement, SIMREPS
can accurately quantify target proteins while avoiding the extensive
washing steps required of existing immunoassays after sample ad-
dition. Using superresolution data processing, we extend the linear
dynamic range to ~3.5 orders of magnitude and demonstrate
the accurate quantification of endogenous biomarker interleukin-6
(IL-6) in serum from chimeric antigen receptor T cell (CAR-T cell)
therapy patients at significantly higher sensitivity than a commercial
ELISA.

Results

Kinetic Fingerprinting Assay Design and Optimization. To extend the
powerful SIMREPS principle to proteins, we herein develop a
SiMREPS kinetic fingerprinting approach using two antibodies as
probes: a capture antibody with slow dissociation kinetics, typically
an IgG, and a low-affinity detection antibody with rapid dissoci-
ation kinetics (Kq > 10 nM, Ko > 1 min_l), typically a monovalent
antigen-binding fragment (Fab) (Fig. 14). A Fab consists of the
two N-terminal domains of the heavy chain and the complete light
chain of IgG; it comprises one antigen-binding site and therefore
binds to the antigen in a monovalent fashion. The capture anti-
body is modified with biotin to permit surface immobilization via a
streptavidin bridge to a biotinyl-PEG (polyethylene glycol)-coated
coverslip, while the detection Fab is modified with an organic
fluorophore to enable detection of its binding near the coverslip
surface by total internal reflection fluorescence (TIRF) micros-
copy (18, 19). Labeling of both antibodies is performed using
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standard NHS (N-hydroxysuccinimide) ester-amine bioconjugation
chemistry (20), with an approximate labeling stoichiometry of
1:1 as estimated by spectrophotometric approaches (Materials
and Methods).

To achieve reproducibly high analytical performance, we op-
timized our protocols for coverslip modification as well as the
composition of the SIMREPS imaging buffer and sample diluent,
since we found that the protocols previously developed for
SiMREPS of nucleic acids (21) were not sufficient to reduce
nonspecific binding of several detection Fabs to tolerable levels
(8I Appendix, Figs. S1-S6). In particular, reducing the ratio of
biotin-PEG:mPEG from the standard ratio of 1:10 to a ratio of
1:100 reduced the nonspecific binding of several detection anti-
bodies to the surface, presumably by lowering the surface density
of streptavidin (SI Appendix, Figs. S3 and S4). Nevertheless, as in
any immunoassay, the detection antibody exhibits some non-
specific binding to the assay surface or to matrix contaminants
adsorbed to the surface that is readily apparent upon single-
molecule observation. Fortunately, we found that such nonspe-
cific binding typically exhibits kinetics very distinct from repeti-
tive specific binding of the detection Fab to a single analyte
molecule, making it readily distinguishable by analysis of the
intensity fluctuations of localized fluorescent spots over time
(Fig. 1 A-C). In general, nonspecific binding results in relatively
few binding events in the same location, whereas specific binding
to the target results in many antibody binding events to the same
surface-captured target molecule. Thus, analysis of the number
of binding (dark-to-bright transition) and dissociation (bright-to-
dark transition) events (Np,) as well as the median dwell time in
the probe-bound state (7., median) Was used to distinguish single-
molecule traces arising from specific versus nonspecific binding
through the application of empirically determined thresholds
(Fig. 1 D and E). Notably, without such kinetic filtering, non-
specific binding accounts for the majority of single-molecule
traces in an assay for plasminogen activator inhibitor 1 (PAI-1)
and would result in hundreds of false positives per field of view
(FOV) (Fig. 1F). Kinetic filtering reduced the false positives to
essentially zero (<1 per FOV) while retaining the majority of
true positives, demonstrating the high specificity of single-
molecule protein detection by kinetic fingerprinting.

Antibody Selection and Analytical Performance for Four Model
Protein Targets. To demonstrate the high sensitivity and gener-
ality of this method, we developed SIMREPS assays for four
protein targets: PAI-1, IL-6, vascular endothelial growth factor A
(VEGF-A), and interleukin-34 (IL-34), and compared their
performance to that of ELISA kits from leading immunoassay
manufacturers. The candidate detection Fabs were in vitro se-
lected for binding of recombinant human antigens using a variant
of phage display, either with or without explicit selection for fast
dissociation from the antigen and their kinetics of antigen
binding and dissociation characterized by bio-layer interferom-
etry (BLI) (Materials and Methods). Screening a total of 23
candidate Fabs against the four target antigens by SiMREPS
showed that the most useful probes exhibit rate constants of
association in the range of 0.5-5 x 10° M~' s™! and rate con-
stants of dissociation in the range of 0.05 to 0.5 s™! in PBS at 25
to 30 °C, corresponding to Ky values of ~10 to 600 nM (SI Ap-
pendix, Table S1 and Fig. S7). We also found that detection Fab
kinetics could be readily manipulated by adjusting temperature
and/or salt concentration (S Appendix, Figs. S8-S10). Overall, 8
out of 23, or 34.8%, of candidate antibodies were successful as
SiMREPS probes, whereas the rest failed due to nonoptimal
kinetics (e.g., slow binding and/or dissociation kinetics) or high
levels of nonspecific binding to the imaging surface. Encourag-
ingly, for the 12 candidate detection Fabs explicitly in vitro se-
lected for fast dissociation kinetics (SI Appendix, Table S1), the
overall success rate was significantly higher (6/12 = 50%) than
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Fig. 1. Detection of single protein molecules by kinetic fingerprinting. (A) The interaction of a kinetic fingerprinting probe (detection Fab) with a surface-
captured target antigen yields temporal patterns of repeated binding and dissociation, or kinetic fingerprints, distinct from nonspecific interaction of probes
with the surface or matrix contaminants. These kinetic fingerprints are measured by TIRF video microscopy. (B) Single movie frame of a representative portion
of a microscope field of view showing bright puncta at the locations where single fluorescent probes are bound at or near the imaging surface. (C) Rep-
resentative kinetic fingerprints indicative of repetitive binding to the same antigen molecule (Top) and nonspecific binding, which is typically less repetitive
(Bottom). The raw intensity-versus-time traces (black lines) are idealized by hidden Markov modeling (red lines) to extract kinetic parameters for analysis.
(D and E) Scatterplots of Ny.q and 7o, median for all intensity-versus-time trajectories observed within a single field of view in the presence (D) or absence (E) of
target antigen PAI-1 in 25% horse serum. Dashed lines indicate thresholds (minimum or maximum) for accepting a trajectory as evidence of a single PAI-1
molecule. Points indicated by “+" represent trajectories that do not pass filtering for intensity, signal-to-noise, and/or kinetics, and are not considered
sufficient evidence to detect PAI-1. Points indicated by red-filled circles represent trajectories that pass filtering and are considered positive detection events
of single PAI-1 molecules. (F) Impact of kinetic filtering on the number of accepted PAI-1 counts in the presence and absence of spiked-in PAI-1.
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Fig. 2. Quantification of four protein targets using single-molecule kinetic fingerprinting. (A-D) Standard curves showing quantification of four antigens
spiked into 25% serum using SIMREPS (blue closed circles) and conventional sandwich ELISA (orange open squares). Linear regression fits are shown as solid
lines. Estimated LODs are indicated as vertical dashed lines for SIMREPS (blue) and sandwich ELISA (orange) and represent median values from at least two
standard curves collected on different days. The SiMREPS assays yield LODs 55- to 383-fold lower than the corresponding sandwich ELISAs. Error bars indicate
one SD of three (SIMREPS) or two (ELISA) independent measurements.
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In each optimized SiIMREPS assay, the presence of the anti-
gen resulted in the appearance of a subpopulation of single-
molecule traces exhibiting distinctive kinetics of repetitive de-
tection Fab binding in the same location (i.e., kinetic finger-
prints), permitting the removal of almost all nonspecific binding
signal (SI Appendix, Figs. S11 and S12). Both SiMREPS and
ELISAs were first performed under controlled conditions with
varying concentrations of recombinant antigen spiked into 25%
serum (see Materials and Methods for details). As shown in Fig. 2,
SiIMREPS assays exhibit a linear dependence upon analyte con-
centration, and median LODs ranging from 680 aM to 6.5 fM,
considerably below the LODs of 108 to 430 fM observed for the
corresponding ELISAs. Interestingly, analysis of the IL-34 stan-
dard curve without kinetic filtering yields an LOD of 340 fM (S
Appendix, Fig. S13), similar to the measured ELISA LOD of 430 fM
and consistent with the notion that the inability to distinguish specific
from nonspecific binding of detection antibodies often limits assay
sensitivity.

Wash-Free Assay Protocol and Analytical Validation with Clinical Serum
Specimens. A common drawback of existing immunoassays is the
requirement of multiple washing steps after introduction of the
sample, adding to assay complexity and potentially reducing re-
producibility. To test whether SIMREPS can be used to circum-
vent such labor-intensive steps, we developed a wash-free protocol
in which a serum sample is simply mixed with the imaging buffer,
added to a coverslip coated with capture antibody, and then im-
aged after a suitable incubation period (Fig. 34). To expand the
dynamic range, we also employed a superresolution analysis
method that was previously developed for nucleic acid detection
with SIMREPS (17), and found that recombinant IL-6 in serum
yielded signal that was linearly dependent upon concentration

over ~3.5 orders of magnitude without any washing after sample
addition (Fig. 3B), in contrast to ~2 orders of magnitude for
diffraction-limited analysis (Fig. 2B).

To further test this wash-free protocol and validate SIMREPS
for the detection of an endogenous antigen in clinically relevant
specimens, we analyzed 34 serum samples from three recipients
of CAR-T cell therapy. A common side effect of CAR-T cell
therapy is cytokine release syndrome (CRS), a systemic inflam-
matory response accompanied by a precipitous rise in serum
levels of IL-6, a key mediator of CRS (22). As expected, SIMREPS
assays revealed a dramatic, persistent rise in IL-6 concentration in
serum from a patient with severe CRS (maximum grade = 4); a
transient rise in IL-6 concentration in a patient with moderate
CRS (maximum grade = 2); and no significant rise in a patient
without CRS (Fig. 3C). Notably, SiMREPS showed detectable
levels of IL-6 in all 34 of the 100-fold diluted serum samples, while
ELISA was only able to detect IL-6 in 7/34 of the samples at the
same dilution factor (Fig. 3D). Performing ELISA of the same
serum samples instead at lower dilution (4-fold or 64-fold) yields
strong correlation (R = 0.998) with the wash-free SIMREPS assay,
and the individual patient time courses analyzed by ELISA
strongly resemble those measured by SIMREPS (SI Appendix, Fig.
S14), validating the SiIMREPS assay results. It is notable that the
expanded dynamic range of SIMREPS with superresolution analysis
permitted quantification of IL-6 in all of the clinical samples at the
same dilution factor, whereas the ELISA required two different
dilution factors to keep IL-6 concentration within the linear
dynamic range of the assay. As a more demanding test case, we
attempted to detect IL-34—which is not known to rise in CAR-T
patient serum—in four serum specimens from patient 6. We
found that the high sensitivity of SIMREPS enabled the detection
of IL-34 in three of the four specimens, at concentrations well
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Fig. 3. Wash-free SIMREPS quantification of IL-6 in 100-fold diluted serum samples from CAR-T cell therapy patients. (A) Wash-free SIMREPS protocol for
quantifying IL-6 in serum. The serum sample containing IL-6 is combined with the imaging solution containing the query probe and then added to a coverslip
that was precoated with a capture antibody. After a suitable incubation period (30 min) the sample is imaged by TIRF microscopy to quantify IL-6. A single
dilution factor of 100-fold is used for all samples. (B) Standard curve from wash-free SIMREPS of IL-6 using superresolution data processing for larger dynamic
range. (C) Time course of IL-6 concentration as measured by the wash-free SIMREPS protocol in serum samples from three CAR-T therapy patients who
experienced a maximum CRS grade of 4 (patient 6, orange squares), 2 (patient 2, blue triangles), or 0 (patient 12, black circles) in response to the therapy
during the sample collection window. (D) Correlation plot of IL-6 measurements in 34 patient-derived (human) serum samples by SiMREPS (no-wash protocol,
100-fold dilution of all samples) and ELISA with variable dilution factors (4-fold dilution, closed blue squares; 64-fold dilution, open blue squares) or 100-fold
dilution of all samples (orange triangles). While SiIMREPS detects IL-6 in all 34 samples at 100-fold dilution, sandwich ELISA only detects IL-6 in 7 of 34 samples
at the same dilution. Error bars indicate one SD of two independent measurements.
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below the LOD of the IL-34 ELISA; furthermore, a corre-
sponding ELISA failed to detect significant levels of IL-34 in any
of these specimens (SI Appendix, Fig. S15), suggesting that SIMREPS
can provide access to analytes too dilute to assay by conventional
methods.

Discussion

We here have shown that the kinetic fingerprinting approach of
SiMREPS permits distinguishing between specific binding to
target proteins and nonspecific binding to assay surfaces and can
thus be applied to the counting of single protein molecules with
high accuracy. The improved rejection of background binding
signal of this method enables quantitative analysis with LODs in
the femtomolar-to-attomolar range for four model protein tar-
gets spiked into blood serum, corresponding to improvements of
55- to 383-fold relative to commercial ELISAs. We have further
shown that SIMREPS can sensitively quantify an endogenous
biomarker from only 2 pL of serum, and via superresolution data
analysis can achieve a linear dynamic range of about 3.5 orders
of magnitude that avoids the need for variable dilution factors
when quantifying IL-6 in serum samples from multiple CAR-
T patients.

Notably, since nearly all nonspecific binding is filtered out by
kinetic analysis, the sensitivity in SIMREPS is limited primarily
by the efficiency with which the captured analyte can be imaged.
We estimate the overall antigen capture efficiency to be 0.5 to
1.5% for these four assays, and each FOV comprises only ~0.1%
of the total capture area of the sample well, so that each mea-
surement comprising 9 FOVs samples only about 0.01% of the
target protein in the mixture. The small size of each FOV (~100 pm X
100 pm) is due to the high numerical aperture and magnification
required in objective-type TIRF. Hence, future improvements in
capture efficiency and/or the imaging of larger FOVs are likely to
yield consistently subfemtomolar LODs for SIMREPS protein
assays. In particular, the use of prism-type TIRF (18) with lower-
magnification objectives or large-FOV metalenses (23) may sig-
nificantly increase the size of each FOV in the specimen plane and
lower the LOD proportionally. Despite these sampling limitations,
LODs ranging from 0.68 to 6.5 fM were achieved for all four
antigens, comparable to the typical LODs for the Simoa platform,
albeit not as low as the most sensitive Simoa assays (e.g., as low as
50 aM for PSA in 25% serum) (10).

An attractive feature of SIMREPS is that it can be performed
without any washing steps after sample addition, since excess
detection probe need not be removed prior to measurement.
Thus, it can avoid the labor- and time-intensive washing and
sample handling steps of techniques such as ELISA, Simoa, and
DNA-PAINT (24). While varying matrix composition could in
principle alter the probe binding and/or dissociation kinetics and
thereby affect assay performance, the strong correlation (R2 >
0.99) we observe with ELISA measurements of IL-6 in 34 serum
specimens from three different patients (Fig. 3D) suggests that
normal variation in matrix composition has little or no impact on
quantification with this wash-free protocol. This lack of complex
sample handling should make it easier to adapt SIMREPS to
in situ detection and superresolution localization of target anti-
gens in cells and tissues (24) than digital ELISA and related
approaches. Other wash-free approaches to protein quantifica-
tion have been reported recently, including the linker-mediated
immunoassay (LMI) (25), nanoswitch-linked immunosorbent
assay (NLISA) (26), and an approach to detection of IgG and
IgE antibodies using DNA nanoswitches (27). However, none of
these approaches achieve the digital detection of single protein
molecules, and only NLISA permits LODs in the low-
femtomolar range (e.g., LOD of 44 fM for prostate-specific an-
tigen in 20% serum on a single gel lane) (26).

Although the assay workflow of SIMREPS is streamlined
compared to ELISA, some developments are necessary before
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the technique can be widely adopted by biological laboratories.
Most importantly, a dedicated, economical, user-friendly SIMREPS
instrument would render the approach accessible to those without
access to research-grade TIRF microscopes. Indeed, increasingly
cheap (28) and user-friendly (29) TIRF microscopes are already
available, and these are in most cases overengineered for SIMREPS,
which requires only a single illumination geometry (TIRF), one
excitation wavelength (e.g., 640 nm), one detection band (e.g.,
Cy5), and the detection of only enough photons to indicate the
presence or absence of a single fluorescent probe. In addition,
the development of more user-friendly software that automates
the selection of kinetic filtering thresholds in an unsupervised
manner from positive and negative control experiments will
render data analysis more straightforward.

At the same time, development of detection probes against a
larger number of targets will render more biological questions
accessible to the technique. Importantly, SIMREPS assays re-
quire only one high-affinity probe, which we expect to greatly
facilitate the development of new assays, and which may provide
access to protein targets for which it is difficult or impossible to
find two compatible high-affinity, high-specificity antibodies. In
support of this expectation, SIMREPS assays were successfully
developed for all four antigens attempted, and one to three
suitable detection probes were obtained from each set of four
Fabs sourced from in vitro selections tailored to bind in sandwich
format and with fast dissociation rates (SI Appendix, Table S1).
Considering the high success rate we observed in the selection of
detection antibodies that achieved highly sensitive detection of all
four attempted targets, developing detection probes against ad-
ditional targets of interest appears quite feasible. Indeed, in vitro
screening for high-affinity Fabs using the same fundamental ap-
proach as in the present work (30) routinely yields over a dozen
clones with fast enough dissociation kinetics (kog ~ 0.1-0.01 571
to make them promising SIMREPS candidates, but very few that
dissociate slowly enough (ko ~ 1 x 107 s7") to perform well in a
conventional ELISA (SI Appendix, Fig. $16). In vitro selection and
subsequent ELISA testing of purified antibodies can be accom-
plished in as little as 3 wk with this technology, which is not pos-
sible using immunization methods. Moreover, since the most
expensive reagents in protein-SIMREPS are the antibodies, and
similar quantities of these are used per assay as in ELISA, the cost
of materials per assay is comparable to ELISA.

In summary, kinetic fingerprinting with SIMREPS achieves
digital detection and counting of single protein molecules with-
out requiring the high-affinity detection antibodies or complex
sample handling of conventional sandwich ELISA and related
approaches. The SIMREPS principle thus represents a powerful
and potentially transformative approach to the highly sensitive
quantification of proteins in addition to nucleic acids (16, 17, 31)
and small molecules (32).

Materials and Methods

Selection of Detection Fabs. Recombinant Fab antibodies were isolated from
the HUCAL PLATINUM library of human antibody genes (33) by two or three
iterative rounds of semiautomated panning either on the immobilized an-
tigen or on the complex formed between antigen and the immobilized
capture antibody used for SIMREPS. In the latter case, an isotype-matched
control antibody was used for blocking of the phage library during panning.
For selection and screening, either the standard strategy developed for
enrichment of high-affinity antibodies was used (34) (PAI-1 and IL-6), or a
modified strategy (for IL-6, IL-34, and VEGF-A) was developed to allow en-
richment of clones with high off-rates. In brief, all rounds were performed
using hyperphage (35) to enable polyvalent display and therefore avidity-
based binding, and washing stringency was decreased in the second and
third rounds. After panning, enriched antibody genes were isolated and
cloned into an expression vector leading to expression of Fab-FH antibody
fragments resulting in monovalent Fab antibodies followed by a FLAG-tag
and a His6-tag at the C terminus in tandem. From each panning, 368 clones
were randomly picked and grown in microtiter plates. A copy of each plate
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was used for Fab expression and ELISA screening on the antigen, the capture
antibody, and the complex of antigen bound to capture antibody. A total of
95 ELISA hits from each panning showing binding on antigen and on cap-
tured antigen were subjected to a high-throughput off-rate screening as
described (30). Clones with highest off-rates were sequenced to identify
unique antibodies. In addition, the output of the second panning round for
some of the pannings was cloned into an expression vector leading to ex-
pression of bivalent Fab-alkaline phosphatase antibody fusion proteins (36)
equipped with a FLAG- and a His6-tag. After ELISA screening of the bivalent
antibodies, the clones with weak but specific signals were sequenced and
unique candidates were converted into monovalent Fab-FH format. For
production, Escherichia coli TG1F~ cultures (250 mL) containing the chosen
antibody genes were grown at 30 °C until ODggonm reached 0.5, and the antibody
expression was induced by adding IPTG (isopropyl p-d-1-thiogalactopyranoside)
to a final concentration of 1 mM. After further incubation for at least 14 h
at 30 °C, the cells were harvested, chemically lysed, and the soluble crude
extract was subjected to one-step affinity chromatography (Ni-NTA agarose,
Qiagen). After elution of the purified antibodies, the buffer was changed
from elution buffer to 1x PBS (phosphate-buffered saline), pH 7.4, and the
concentration was determined by UV,gonm measurement. Purity and specific
activity were tested subsequently by Coomassie-stained SDS-PAGE (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis) and ELISA, respectively.
Antibodies were stored frozen in PBS buffer.

Affinity Measurements. Kinetic constants were determined by BLI using the
ForteBio Octet RED384 instrument essentially as described (30). In brief, each
of the purified monovalent Fab antibodies was measured at five concen-
trations on antigen attached to amine-reactive second generation (AR2G)
biosensors. Temperature for measurement was 30 °C. Between measure-
ments the biosensor surfaces were regenerated twice. Association phase was
measured for 600 s, dissociation phase typically for 300 s. All measurements
were corrected for baseline drift by subtracting a control sensor exposed to
running buffer only. Data were analyzed using a 1:1 interaction model on
the ForteBio data analysis software (version 7.0.1.5).

Surface Plasmon Resonance (SPR) Analysis. For the two anti-IL-6 antibody
clones 29805 and 29806 the dissociation rate constant k¢ had been deter-
mined during the ko ranking, but we did not generate a definitive binding
rate constant for these two clones using BLI. We performed the kinetic
analysis of these clones in 1x PBS buffer on the ProteOn system (Bio-Rad)
following the standard protocol (37). The IL-6 capture antibody at 12.5 pg/mL
was immobilized on the ProteOn GLC chip surface through EDAC(1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide)/NHS chemistry at pH 4.5. IL-6 antigen
was then applied to the chip surface through six individual channels at the
following concentrations: 20 nM, 10 nM, 5 nm, 2.5 nM, 1.25 nM, and 0 nM.
The IL-6 antibody clones 29805 or 29806 at 40 nM, 20 nM, 10 nM, 5 nM, 2.5 nM,
and 0 nM were applied to the GLC chip to generate the SPR sensorgrams.
The antibody’s binding to the chip surface was observed for 1 min followed
by 5 min of observation of its dissociation from the surface in 1x PBS. Data
were analyzed by the ProteOn Manager Software to produce the on- and
off-rates for the antibody clones.

Labeling of Detection Fabs. Candidate detection Fabs were fluorescently la-
beled by amine-NHS ester coupling using Cy5 monoreactive dye packs (GE
Healthcare, PA25001). A molar dye:protein ratio of 4:1 to 6:1 was used in
labeling reactions, which were carried out in the dark at room temperature
for 1 hin 1x PBS, pH 7.2. Antibody-dye conjugates were purified with Ni-
NTA (nickel-nitrilotriacetic acid) column chromatography using a wash
buffer consisting of 20 mM sodium phosphate, pH 7.4, 500 mM NacCl, and
an elution buffer consisting of 20 mM sodium phosphate, pH 7.4, 500 mM
NaCl, and 250 mM imidazole. Excess imidazole was removed by overnight
dialysis (Slide-A-Lyzer Dialysis Cassette, Thermo Fisher, 3.5K MWCO (molecular
weight cut-off) against 1x PBS, pH 7.2, and then aliquoted and frozen
at —80 °C. The ratio of dye:protein in the purified detection Fabs was
quantified by UV-Vis spectrophotometry (Nanodrop) using the absorbance
values at 280 nm and 650 nm and ranged from 0.9:1 to 1.3:1.

Capture Antibodies. Rodent monoclonal IgG capture antibodies had been
developed for Bioplex assays previously by Bio-Rad Laboratories, Inc. and
were provided as lyophilized powder from a 0.2 pM filtered solution in PBS
with 5% trehalose (without carrier bovine serum albumin [BSA]), and bio-
tinylated by amine-NHS ester coupling using biotin-NHS ester (Sigma
Aldrich, catalog no. H1759). A molar biotin:lgG ratio of 3:1 to 6:1 was used in
labeling reactions, which were carried out at room temperature for 1 h.
Biotin-lgG conjugates were purified using Zeba Spin desalting columns
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(Thermo Fisher, catalog no. 89882, 7K MWCO) according to the manufac-
turer’'s recommended protocol, followed by dialysis (Slide-A-Lyzer Dialysis
Cassette, Thermo Fisher, 3.5K MWCO) against 1x PBS, pH 7.2. The fraction of
biotinylated 1gG was estimated by electrophoretic mobility shift assay in the
presence or absence of excess streptavidin and ranged from 60 to 80%. The
ratio of biotin:IgG, estimated by HABA (4'-hydroxyazobenzene-2-carboxylic
acid) assay (38), was ~1:1. The concentration of biotin-conjugated 1gG was
estimated from the absorbance at 280 nm using an extinction coefficient of
275,400 M~ cm™" (for IL-6 capture antibody), 259,564 M~ cm™" (for PAI-1
capture antibody), 277,000 M~' cm~" (for VEGF-A capture antibody), and
270,067 M~" cm™" (for IL-34 capture antibody). Capture antibodies were
aliquoted and frozen at —80 °C.

Antigens. Recombinant human PAI-1, IL-6, and VEGF-A were provided in
lyophilized form by Bio-Rad Laboratories, Inc. Recombinant human IL-34 was
purchased from Peprotech (catalog no. 200-34). Antigens were resuspended
in 1x PBS, pH 7.4 (Gibco), diluted to a nominal concentration of ~32 pM in
1x PBS supplemented with 10 mg/mL BSA as a carrier, aliquoted, and frozen
at —80 °C. Concentrations of stock solutions postthawing were determined in
triplicate by ELISA (Abcam: ab46027, ab213797, and ab119566; and Invitrogen
eBioscience: 50-112-5262) according to the manufacturers’ recommended
protocols, and these estimated concentrations were used in preparing all
subsequent dilutions for SIMREPS assays and ELISA comparisons.

Preparation of Slide Surfaces for Single-Molecule Microscopy. Cover glasses
(No. 1.5, 24 x 50 mm, VWR no. 48393-241) were functionalized with a 1:100
mixture of biotin-PEG-SVA (succinimidyl valerate) and mPEG-SVA (Laysan
Bio, Inc., MPEG-SVA-5000 [1 g] and BIO-PEG-SVA-5K [100 mg]) as previously
described (13). We found that using an incubation period of 20 to 24 h in the
presence of the PEG reagents rather than the typical 3 h (S/ Appendix, Fig.
S2), using a lower ratio of biotin-PEG-SVA:mPEG-SVA than the typical 1:10
ratio, and blocking unoccupied biotin-binding sites of streptavidin with a
secondary addition of biotin-PEG (S/ Appendix, Fig. S4) yielded superior
suppression of nonspecific fluorescent antibody binding (S/ Appendix, Fig.
S5). Coverslips were stored under foil in a nitrogen-purged cabinet until use
within 4 wk. Prior to an experiment, four to six sample cells were attached to
each coverslip by cutting a ~2-cm length from the wider end of micropipet
tips (Thermo Fisher, no. 02-682-261), discarding the narrower segment of the
pipet tip, and then placing the wide end down on the PEGylated coverslip
and sealing the edges with epoxy adhesive (Ellsworth Adhesives, no. 4001).

TIRF Microscopy. SiMREPS experiments were performed using one of two
Olympus 1X-81 objective-type TIRF microscopes equipped with cellTIRF and
z-drift control modules (Olympus 1X2-ZDC2 or ASI CRISP). While data ac-
quired with the two microscopes are functionally identical, all measure-
ments in a series of replicates or comparison experiments were performed
on the same microscope. Detection Fabs were excited in TIRF mode with a
theoretical penetration depth of ~80 nm using a fiber-coupled diode laser
(Coherent, Inc. CUBE 640-100C, 100 mW, or OBIS 637 nm LX, 100 mW) with
an incident light intensity of ~100 W/cm?, and fluorescence emission was
detected using an EMCCD (electron-multiplying charge-coupled device:
Andor IXon 897, or Photometrics Evolve) with an exposure time of 250 or
500 ms, after passing through a dichroic mirror and emission filter (Chroma,
ZT640rdc-UF2 and ET655LP-TRF). In some experiments, an objective heater
(Bioptechs) was used to raise the observation temperature to as high as 37 °C
(calibrated using the reference thermistor provided by the manufacturer for
the specific sample cell geometry used in this study).

Imaging Solution. Unless otherwise specified, all SIMREPS assays were carried
out in an imaging solution comprising 1x PBS, pH 7.4; an oxygen scavenger
system (39) consisting of 5 mM 3,4-dihydroxybenzoic acid (Fisher, AC114891000),
0.05 mg/mL protocatechuate 3,4-dioxygenase (Sigma-Aldrich, P8279-25UN), and
1 mM Trolox (Fisher, 218940050); 1% Tween 20 (Sigma-Aldrich, P9416-50ML),
and 50 nM fluorescent detection Fab. For PAI-1, the buffer was supplemented
with NadCl for a total Na* concentration of 500 mM.

SiMREPS Assays of Recombinant Antigens. All sample handling was performed
in GeneMate low-adhesion 1.7-mL microcentrifuge tubes, and dilutions for
standard curves were performed in 25% animal serum (horse serum for IL-6 and
PAI-1 spike-ins; chicken serum for VEGF-A and IL-34 spike-ins), 0.75x PBS, pH 7.4,
and 7.5 mg/mL BSA. The slide surface was briefly washed with 100 pL of T50
buffer (10 mM Tris-HCl, 50 mM NaCl, 1 mm EDTA (ethylenediaminetetraacetic
acid), pH 8.0) followed by the addition of 40 L 1 mg/mL streptavidin. After
10 min, excess streptavidin was removed, and the sample chamber washed three
times with 100 pL of 1x PBS. Next, the capture antibody was immobilized by
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adding 40 pL of a solution containing 100 nM of biotinylated capture antibody
and 100 nM of biotin-PEG (5 kDa, Laysan Bio, Inc.) in 1x PBS buffer and incu-
bating for 30 min. Excess capture antibody was removed and the sample
chamber washed three times with 100 pL of 1x PBS; the last wash was left in the
well and not removed until adding the antigen sample. A 100-uL portion of the
antigen or blank solution (25% serum) was added to the sample chamber and
incubated for 1 h (IL-6, PAI-1) or 3 h (VEGF-A, IL-34) to capture the antigen on the
coverslip surface. The sample was removed, the sample cell washed once with
100 pL of 1x PBS, and 100 pL of imaging solution added. Kinetic fingerprints of
detection Fab binding were immediately imaged by TIRF microscopy using an
acquisition time of 2 min/FOV (IL-6, PAI-1, VEGF-A) or 5 min/FOV (IL-34). An ac-
quisition temperature of 33.5 + 0.5 °C was used for IL-6, and room temperature
(~22 °Q) for all other antigens. The LOD was estimated from a linear regression
fit of each standard curve by extrapolating the concentration from the signal
equal to the mean blank signal plus three SDs of the blank signal. The median
LOD from at least three standard curves is reported in Fig. 2.

ELISA Standard Curves. Standard curves for direct comparison with SiMREPS
were performed using the same ELISA kits mentioned above (Abcam: ab46027,
ab213797, ab119566; and Invitrogen eBioscience: 50-112-5262) according to
the manufacturers’ recommended protocols, but using the same sample dil-
uent (containing 25% serum) as the SiMREPS assays. The LOD was estimated
from a linear regression fit of each standard curve by extrapolating the con-
centration from the signal equal to the mean blank signal plus three SDs of the
blank signal. The median LOD from at least two standard curves is reported in
Fig. 2. The manufacturers’ claimed LODs for the ELISA kits are: 95 fM (IL-6), 690
fM (PAI-1), 150 fM (VEGF-A), and 190 fM (IL-34).

Wash-Free SiMREPS Standard Curve of IL-6. Capture antibody-coated cover-
slips were prepared as described under SIMREPS Assays of Recombinant
Antigens. A 200-pL volume of a mixture containing varying concentrations
of recombinant human IL-6 spiked into 2% horse serum, 1x PBS, pH 7.4, 1%
Tween 20, 5 mM 3,4-dihydroxybenzoic acid, 0.05 mg/mL protocatechuate
3,4-dioxygenase, 1 mM Trolox, and 50 nM of detection Fab was added to the
sample well and incubated for 30 min. Kinetic fingerprints of detection Fab
binding were then immediately imaged by TIRF microscopy using an ac-
quisition time of 2 min/FOV at an acquisition temperature of 33.5 °C.

Collection and Handling of CAR-T Patient Serum Samples. Serial serum samples
were obtained from three subjects undergoing CAR-T cell therapy. Specimen
collection from patients was performed with informed consent. The study
was approved by the University of Michigan Institutional Review Board (IRB
HUMO00115179). Blood was collected in red top Becton Dickinson serum
collection tubes and delivered to the laboratory within 2 h of blood draw at
room temperature. Serum samples were allowed to clot at room tempera-
ture for a minimum of 30 min after blood draw, then centrifuged at 1,200 x
g for 15 min at room temperature, following which the supernatant was
recovered, aliquoted, and immediately frozen and stored at —80 °C. Prior to
protein quantification experiments, serum samples were thawed and sub-
jected to centrifugal ultrafiltration (Ultrafree MC, 0.22-um pore size, Milli-
pore Sigma), then aliquoted and frozen at —80 °C.

Wash-Free Measurement of Endogenous IL-6 in Clinical Serum Samples. Cap-
ture antibody-coated coverslips were prepared as described under SiIMREPS
Assays of Recombinant Antigens. A 2-uL portion of each serum sample was
added to a separate 198-pL solution to create a mixture containing (all final
concentrations in 200 pL total solution): 1x PBS, pH 7.4, 1% Tween 20, 5 mM
3,4-dihydroxybenzoic acid, 0.05 mg/mL protocatechuate 3,4-dioxygenase,
1 mM Trolox, and 50 nM of detection Fab. This 200-pL mixture was added to
the sample well and incubated for 30 min. Kinetic fingerprints of detection
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Fab binding were then immediately imaged by TIRF microscopy using an
acquisition time of 2 min/FOV at an acquisition temperature of 33.5 °C.

Measurement of Endogenous IL-34 in Clinical Serum Samples. Serum specimens
from patient 6 corresponding to 1, 2, 8, and 15 d after CAR-T infusion were
diluted 1:3 in the sample diluent provided with the ELISA kit (Abcam,
ab213797) and quantified as instructed by the manufacturer. SIMREPS
measurements of 1:3 dilutions of the same serum specimens in the standard
diluent (0.75x PBS, pH 7.4, and 7.5 mg/mL BSA) were performed and ana-
lyzed as described for the standard curve of recombinant IL-34. LODs for
ELISA and SiMREPS were multiplied by 4 to account for the fourfold
dilution factor.

Analysis of SIMREPS Data. SIMREPS data were processed using custom MATLAB
code to identify sites of fluorescent probe binding and analyze the kinetics of
repeated binding as described previously (17, 21). For high-dynamic range
measurements (Fig. 3 B-D), a recently published superresolution approach to
data analysis (17) was employed to permit resolution of the more densely cap-
tured analyte molecules observed at high concentrations. All other data were
analyzed using standard diffraction-limited SIMREPS analysis protocols (21).
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 fluctua-
tion map (21) and then defining ROIs as the 3 x 3 pixel regions centered on local
maxima within the fluctuation map. Next, the integrated, background-
subtracted intensity within each ROl was calculated for each frame in the
movie to generate an intensity-versus-time trace. These candidate traces were
subjected to hidden Markov modeling (HMM) using a version of vbFRET (40)
with slight modifications to the code to accommodate the varying fluorescence
intensities of detection Fabs with different labeling stoichiometries and to in-
terpret these different fluorescent intensities as equivalent (probe bound) states.
The idealized trace generated via HMM was used to determine several param-
eters for SIMREPS kinetic fingerprinting analysis: Np.q, the number of binding
and dissociation events; 7o, median @Nd Toftmedians the median dwell times in the
probe-bound and probe-unbound states, respectively; ofmax the maximum
dwell time in the probe-unbound state; and ry,, the signal-to-noise ratio, defined
as the SD of the fluorescence intensity divided by the mean intensity difference
between bound and unbound states. Threshold values for each of these pa-
rameters to count a trace as a positive detection event of the analyte were
optimized by hand for each probe-antigen pair and are shown in S/ Appendix,
Table S2.

Data Availability. Raw microscopy movie files data have been deposited in
Deep Blue Data (DOI: https:/doi.org/10.7302/na5e-vt32) (41).
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