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Abstract

Measurements of multiple biomolecules within the same biological sample are important for many
clinical applications to enable accurate disease diagnosis or classification. These disease-related
biomarkers often exist at very low levels in biological fluids, necessitating ultrasensitive
measurement methods. Single-molecule arrays (Simoa), a bead-based digital enzyme-linked
immunosorbent assay, is the current state of the art for ultrasensitive protein detection and can
detect sub-femtomolar protein concentrations, but its ability to achieve high-order multiplexing
without cross-reactivity remains a challenge. Here, a sequential protein capture approach for
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multiplex Simoa assays is implemented to eliminate cross-reactivity between binding reagents by
sequentially capturing each protein analyte and then incubating each capture bead with only its
corresponding detection antibody. This strategy not only reduces cross-reactivity to background
levels and significantly improves measurement accuracies, but also enables higher-order
multiplexing. As a proof of concept, the sequential multiplex Simoa assay is used to measure five
different cytokines in plasma samples from Coronavirus Disease 2019 (COVID-19) patients. The
ultrasensitive sequential multiplex Simoa assays will enable the simultaneous measurements of
multiple low-abundance analytes in a time- and cost-effective manner and will prove especially
critical in many cases where sample volumes are limited.
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1. Introduction

Proteins are important biomarkers for disease diagnostics and therapeutic monitoring, and
are often present at low concentrations in biological fluids, such as blood, saliva, and urine.
Accurate quantification of protein biomarkers in these biological fluids, as well as the
discovery of new biomarkers, requires ultrasensitive analytical techniques. The current gold
standard method for ultrasensitive protein detection is the bead-based digital enzyme-linked
immunosorbent assay (ELISA) termed single-molecule arrays (Simoa), which is up to 1000
times more sensitive than conventional ELISA.[2-3] In Simoa, samples are incubated with an
excess number of antibody-coated paramagnetic beads compared to the number of target
protein molecules, such that each bead binds either zero or one protein molecule.[3] The
protein is then labeled with a biotinylated detection antibody and streptavidin-conjugated
enzyme, followed by bead loading into femtoliter-sized microwells, where each microwell
can fit only one bead. Microwells are sealed with oil and wells containing beads with an
enzyme-labeled immunocomplex generate a locally high concentration of fluorescent signal.
Single molecule detection is achieved by counting active microwells. The development of
Simoa has enabled the discovery of many candidate biomarkers for neurodegenerative,
inflammatory and autoimmune, and infectious diseases, as well as for cancer.[4-9]

While many studies frequently report a single specific protein as a candidate biomarker for
diagnosis of a certain disease, typically the measurement of one protein biomarker is
insufficient for accurate disease diagnosis or classification.[10] Instead, a panel of multiple
protein biomarkers is necessary to accurately assess a disease state or monitor the efficacy of
a therapeutic.[11-17] One solution to measuring multiple analytes in a biological sample is to
divide the sample into subsamples and perform multiple singleplex measurements, where
each subsample is used to measure one analyte. Multiple singleplex measurements are ideal
when there is sufficient sample volume such that the sample can be divided into several
subsamples, provided that each subsample contains the minimum volume required for a
specific assay. However, in situations where the sample volume is limited, the number of
biomarkers analyzed may be constrained by the number of subsamples that can be obtained.
This challenge sometimes can be addressed by diluting the sample to increase the total
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sample volume. Partitioning and diluting the sample does not always work because some
proteins are in such low abundance that they become undetectable.

To address this need, multiplex methods capable of simultaneously detecting multiple
proteins in a single sample have been developed.[1918-21] |n Simoa, multiplexing is achieved
by using multiple types of beads encoded with dyes of different colors or color intensities.
[22] Each unique bead type is coupled to a capture antibody for a specific target protein
(Figure 1A). The remaining steps of the Simoa assay follow the same process as described
above. Currently, up to a six-plex assay format has been reported using the Simoa
technology that measures six cytokines (IL-6, TNF-a, GM-CSF, IL-10, IL18, and IL-1a)
simultaneously in plasma and serum.[23] Multiplex measurements are additionally
advantageous for reducing assay times and costs and enabling high-throughput analysis of
samples.

A major disadvantage of multiplexing that has limited its wider utility in conventional and
digital ELISA is cross-reactivity between a binding antibody and an off-target protein.[11.24]
In a sandwich ELISA assay, two antibodies (denoted as capture and detection antibodies)
with high specificities and affinities to a target protein are required to form the sandwich
immunocomplex. In a singleplex assay, the capture antibody or the detection antibody can
cross-reactively bind an off-target protein. However, the probability of both a capture and
detection antibody binding non-specifically to the same individual molecule tends to zero. In
contrast, a multiplex assay contains two or more different capture and detection antibodies in
the reaction solution and therefore only one cross-reactive binding event can result in a false
signal. Unless the cross-reactivity is sufficiently reduced or quantitatively addressed during
analysis, the resulting immunoassays can be unreliable.

Proximity detection approaches have been used to reduce cross-reactivity in multiplex
ELISA assays.[18:2526] |n these assays, there is a detectable signal only when both the
correct capture and detection antibodies bind to the target protein. An alternative approach is
to use spatial or temporal separation methods such that each capture antibody is incubated
only with its paired detection antibody.[27-2% In the spatial separation approach, capture
antibodies for each target are confined to a specific region or spot, and the corresponding
detection antibody is delivered to each correct spot. Accurate alignment of the capture and
detection antibodies results in negligible cross reactivity between the different markers.
[27.28] |n the temporal separation approach, each target is captured sequentially and then
incubated with only the correct detection antibody.[29:30] Those methods are beneficial since
they allow for quantification of two or more biomarkers simultaneously in one sample
without additional dilutions and with negligible cross-reactivity. However, the challenge of
adapting such approaches for ultrasensitive multiplex assays with minimal cross reactivity
still remains.

Here, we present a multiplex Simoa assay that utilizes sequential protein capture to
eliminate assay cross-reactivity and enables higher order multiplexing (Figure 1B). In this
method, the entire sample volume is incubated with each capture bead separately in a
sequential fashion. This format allows us to eliminate assay cross-reactivity by incubating
each detection antibody only with the corresponding capture antibody-coupled beads. We
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used this sequential multiplexing approach to measure five different cytokines in plasma
samples from healthy and Coronavirus Disease 2019 (COVID-19) positive individuals. The
combination of this sequential multiplex assay format with ultrasensitive Simoa technology
will allow for more accurate quantification of multiple low abundance protein biomarkers in
limited volumes of biological fluids.

2. Results

2.1. Validation of the Sequential Multiplex Simoa Assay

To test whether a sequential multiplex Simoa assay can successfully measure multiple
protein analytes with high sensitivities, we first generated calibration curves with a
sequential capture method using interleukins 7, 8, and 10 (IL-7, IL-8, and IL-10,
respectively). Serial dilutions of standards containing mixtures of IL-7, IL-8, and IL-10
recombinant protein were incubated sequentially with each type of capture bead, as shown in
Figure 1B. In the first step, standards were incubated with IL-7 beads in a 96-well plate.
After the incubation, IL-7 capture beads were pelleted with a magnet and the standard
solutions (supernatants) were transferred to a second 96-well plate. In the second step, the
supernatant was incubated with 1L-8 beads. After the incubation, IL-8 capture beads were
pelleted with a magnet and the standard solutions were transferred to a third 96-well plate.
In the third step, the supernatant was incubated with IL-10 beads. An automatic plate washer
was used to wash each type of capture bead separately to remove any unbound or
nonspecifically adsorbed molecules. Beads were then loaded onto the automated Simoa
instrument (HD-X Analyzer), where each bead was incubated only with the corresponding
detection antibody;, i.e., IL-7 detection antibody with IL-7 capture beads, IL-8 detection
antibody with 1L-8 capture beads, and IL-10 detection antibody with IL-10 capture beads.
Additional details of the sequential multiplex assay are described in the Experimental
Section. We also generated calibration curves for IL-7, IL-8, and IL-10 using the standard
Simoa multiplex approach (Figure 1A) in which all three types of capture beads were
incubated simultaneously with the calibrator solutions, followed by incubating the bead
mixtures with a mixture of all three detection antibodies. Each calibration curve was fitted
by four-parameter logistic (4PL) regression, which was also used to estimate the limit of
detection (LOD) (Table S1, Supporting Information). As shown in Figure 2, sequential
protein capture yielded a high dynamic range, with similar sensitivities as the standard
multiplex assay for all three proteins. The average enzyme per bead (AEB) values were also
similar between the two assays throughout the range of the calibration curve, indicating that
the sequential protein capture resulted in negligible losses in signal. The sequential
multiplex Simoa assay resulted in slightly higher LODs for IL-7 and I1L-8 (Table S1,
Supporting Information) compared to the standard multiplex Simoa assay, whereas both
assay formats had similar LODs for IL-10. Both assays result in sub-picogram per milliliter
LODs for all three markers, indicating there is negligible loss of sensitivity using the
sequential multiplex Simoa assay format. To validate the ability of the sequential multiplex
assay to detect multiple cytokines in biological fluids, we measured endogenous dilution
linearity and recombinant protein spike and recovery in plasma samples for the three
proteins (Figure S1 and Table S2, Supporting Information). All three markers diluted
linearly between 4x and 32x dilution factors (/A2 for linear regression fit > 0.97). Recoveries

Aadv Healthc Mater. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gilboa et al.

Page 5

of spiked recombinant protein in plasma samples were between 75% and 100% for three
spiked protein concentrations across all three markers (standard acceptable recoveries are
70-130%).

We next assessed whether the sequential multiplex assay reduces cross-reactivity by
performing protein dropout experiments for each target protein using both the standard and
sequential multiplex assays. In sequential multiplex dropout experiments, serial dilutions of
one protein (either IL-7, IL-8, or IL-10) were sequentially incubated with the three bead
types coated with antibodies against IL-7, IL-8, and IL-10. In standard multiplex dropout
experiments, serial dilutions of one protein were simultaneously incubated with all three
bead types coated with antibodies against IL-7, IL-8, and 1L-10. The specific binding and
cross-reactivity for each analyte concentration were measured and quantified by assessing
the AEB response of each protein binding to each bead and calculating the signal-to-
background ratios (Figure 3; Table S3, Supporting Information). For example, the IL-7 plots
in Figure 3 show measured AEBs for serial dilutions of IL-7 protein binding to IL-7 beads
(blue circles), IL-8 beads (green triangles), and 1L-10 beads (red squares) in both the
standard and sequential multiplex assay formats. The standard multiplex assay demonstrated
significant cross-reactivity for all three protein dropout assays, with observable false positive
signals on off-target beads at protein concentrations above 10 pg mL~1 (Figure 3A). Above
100 pg mL™1, the false positive signal reached over 50x above background. We attribute this
false positive signal to proteins cross-reactively binding to the incorrect capture bead.
Because the standard multiplex format contains a mixture of all three detection antibodies, a
protein that is cross-reactively bound to an off-target capture bead can be bound by its
corresponding detection antibody, producing a false positive signal. An example is IL-7
protein binding to IL-8 capture beads, followed by binding of the IL-7 detection antibody to
IL-7 protein. False positive signals can also arise from nonspecific binding of one detector
antibody to the wrong capture bead. In contrast, the sequential multiplex assay completely
eliminates the cross-reactivities, with no detectable false signals arising on off-target beads
across all three dropout assays (Figure 3B). Notably, even at the highest protein
concentrations we tested, the measured signals from the off-target beads remained at
background levels. Thus, by incubating each detection antibody only with its corresponding
capture bead, the number of false positive binding events is vastly reduced, as two cross-
reactive binding events are required to produce a false positive signal.

2.2. Accuracy of the Sequential Multiplex Simoa Assay

To evaluate the quantification accuracy of the sequential multiplex assay, we measured
various combinations of protein mixtures with high (80 pg mL™1) and low (0.1 pg mL™1)
concentrations using both the standard and sequential multiplex assay formats. As shown in
Figure 4A, for both methods, the high protein concentration was recovered accurately.
However, for low protein concentrations, the standard multiplex assay yielded strong
inconsistencies between the actual and measured protein concentrations. In order to assess
the cross-reactivity for each method, we quantified the recovery of each of the three proteins
according to the actual and measured protein concentrations (Figure 4B). Notably, the
recoveries in the standard multiplex assay varied significantly between the three proteins in
each protein mixture. In some cases, the high levels of cross-reactivity resulted in recoveries
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of greater than 400%, even reaching up to 1000%. Importantly, the sequential multiplex
assay showed high accuracy, with recoveries primarily within 80-120%. The vastly reduced
cross-reactivity in the sequential multiplex assay significantly improves measurement
accuracy, as high concentrations of one protein do not interfere with measurements of other
proteins at low concentrations within the same sample.

2.3. Sequential Five-Plex Simoa Assay in Plasma Samples

In addition to reducing cross-reactivity to negligible levels, another advantage of the
sequential multiplex Simoa assay is that the multiplexing capability does not depend on
spectral separation between color coded beads. As a proof of concept, we tested the ability
to quantify IL-6, IL-7, IL-8, IL-10, and IL-1p in clinically relevant plasma samples using a
five-plex sequential multiplex Simoa assay. New calibration curves for the five-plex assay
were measured, and curves were fitted with 4PL regression (Figure 5A). We measured the
five cytokines in 11 plasma samples collected from COVID-19-positive patients, as well as
three plasma samples from healthy individuals collected before October 2019 (Figure 5B).
Plasma samples were diluted fourfold, and only a total of 50 uL of each sample was required
for the five-plex sequential assay (measurements were made in duplicate), which is five
times lower than the volume required for measuring the five cytokines using standard
singleplex Simoa assays. Elevated cytokine levels were detected in the majority of the
COVID-19-positive samples compared to the healthy controls. Furthermore, the quantitative
capabilities and ultrasensitivity of the Simoa assay enable detection of small changes in
cytokine levels during the first week following a positive reverse transcription polymerase
chain reaction test from a nasopharyngeal swab (NP RT-PCR) (Figure 5B). Monitoring
multiple cytokine levels with high accuracy is especially important in the case of Severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, during which a cytokine
storm can occur and potentially result in death.[3]

3. Discussion

Ultrasensitive multiplex assays are critical for analyzing and quantifying multiple
biomarkers in low-volume samples. However, standard multiplex Simoa assays can exhibit
cross-reactive binding, limiting the accuracy of multiple protein quantification. We show that
cross-reactivity exhibits an especially significant problem when some target proteins in the
sample are present at high concentrations, while other proteins are present at low
concentrations. Combining the ultrasensitivity of the Simoa assay with sequential protein
capture has allowed us to overcome this limitation. We show that the sequential multiplex
Simoa assay reduces cross-reactivity to background levels by incubating each capture bead
with the corresponding detection antibody. Although nonspecific binding of particular
proteins to the wrong beads in prior incubations can still occur, the nonspecifically bound
protein will not lead to a false positive signal for other analytes, unlike in the traditional
multiplex Simoa assay. As different analytes may have different amounts of nonspecific
binding to certain antibody-coated beads types, optimization of the bead incubation order for
each set of analytes will minimize effects of nonspecific binding on signal losses for latter
analytes.
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In the sequential multiplex assay, because the capture beads are not mixed, the degree of
multiplexing is no longer limited by the number of different colors of dye-encoded beads
that can be simultaneously imaged without spectral overlap. Therefore, additional assays can
simply be added to the sequential multiplex assay by adding another incubation step for each
new target. We demonstrate this ability to achieve higher order multiplexing by developing a
five-plex sequential Simoa assay and measuring five cytokines in clinical plasma samples.
The ability to perform high-level multiplexing, i.e., five or more targets, is essential in
applications where sample volume is limited.

Although the sequential multiplex Simoa assay shows high accuracy and sensitivity in
quantifying multiple proteins simultaneously, this method also has limitations. One
limitation is that a fraction of the sample can be lost when the sample is transferred between
consecutive incubation steps. This small sample loss can be a major concern when a high
plex is required. Additionally, a small amount of bead carryover between sequential steps
can reduce the quantification accuracy. Furthermore, protein denaturation may occur and
result in further sample loss as a consequence of longer incubations required for each target.
However, optimization and automation of the sequential capture process can be used to
overcome those limitations. For the five-plex sequential assay presented in this work, we did
not observe any effects of sample loss on measured concentrations.

An additional limitation is that since each capture bead incubation step is performed
sequentially, the total assay time is increased by approximately 30 min for each additional
target, depending on the desired incubation time for each analyte - i.e., each additional
marker measured adds additional protein capture, transfer, and wash steps. This also
increases the complexity of the assay. The increase in total assay time and need for trained
personnel are primarily of concern for point-of-care applications where a result is needed
within approximately one hour (from time of sample collection to result). Alternative
approaches are possible to separate each detection antibody from off-target antibody-coated
beads in multiplex Simoa assays. For instance, spatial separation strategies can be used, in
which all the capture beads are simultaneously incubated with the sample and then sorted
into separate bead types for individual incubations with the corresponding detection
antibodies. As the capture steps for all proteins are performed simultaneously in one mixture
and because the subsequent incubations of each bead type with the corresponding detection
antibody can be performed in parallel, such strategies can potentially decrease total assay
times compared to the sequential multiplex assay.

In summary, we have developed an approach towards high-level multiplexing of
ultrasensitive Simoa assays that eliminates cross-reactivity, opening the door for
simultaneous measurements of many more analytes than currently possible with the existing
Simoa technology. As existing multiplex Simoa and ELISA assays are limited by cross-
reactivity and the number of targets that can be simultaneously measured, this sequential
multiplex Simoa platform will enable significantly more biological information to be
obtained from small volume samples. The capability to achieve higher order multiplexing,
combined with the high accuracy and ultrasensitivity of the sequential multiplex Simoa
assay, will prove especially important in cases where sample volumes are limited, such as
neonatal blood or saliva and single cells,and can potentially improve diagnostic sensitivity
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and specificity. Furthermore, the vastly improved accuracy of the sequential multiplex Simoa
assay can enable multiplex protein detection in samples where proteins exist at
concentrations spanning many orders of magnitude. Typically, concentrations of one analyte
can interfere with measurements of a low-concentration analyte in standard multiplex Simoa
assays, and the dynamic range of the assay is restricted to low concentrations with limited
cross-reactivity. The sequential multiplex Simoa assay eliminates cross-reactivity and will
thus enable a broad dynamic range across multiple analytes.

4. Experimental Section

Preparation of Antibody-Coated Capture Beads:

Capture antibodies for IL-7 (BioLegend 501302), IL-8 (BD Biosciences 554716), and IL-10
(BioLegend 506801) were received and stored according to the manufacturer’s instructions.
Each antibody was buffer exchanged to remove storage buffer; ~0.13 mg of antibody (in
solution) was added to a Millipore Sigma Amicon Ultra-0.5 mL Centrifugal Filter (50 K).
Bead conjugation buffer (Quanterix Corp.) was added to the filter for a total volume of 500
pL. The filter device was centrifuged at 14 000 x g for 5 min. After centrifugation, the
effluent was discarded and additional bead conjugation buffer was added to the filter (total
volume of 500 pL). The centrifugation process was repeated twice for a total of three
washes. The filter was then inverted into a new tube and centrifuged at 1000 x g for 2 min.
The concentration of the collected antibody was measured using a NanoDrop One (Thermo
Fisher). The buffer-exchanged antibodies were diluted to 0.5 mg mL~1 using bead
conjugation buffer and stored on ice until ready for use. To prepare beads for conjugation,
2.8 x 108 Quanterix dye-encoded carboxylated paramagnetic beads (2.7 um) were washed
three times with 200 pL of bead wash buffer (Quanterix), three times with 200 pL of bead
conjugation buffer, and then resuspended in 190 uL of bead conjugation buffer. Immediately
prior to use, 1 mg of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)
was dissolved in 100 pL of bead conjugation buffer. Then, 10 uL of EDC was added to the
bead suspension and the beads were agitated on a rotator for 30 min. After bead activation
with EDC, beads were washed once with 200 pL of bead conjugation buffer, and then
resuspended in 200 pL of capture antibody solution. The beads were vortexed for 10 s and
agitated on the rotator for 2 h. After conjugation, the beads were washed two times with 200
uL of bead wash buffer. The antibody-conjugated beads were then blocked with BSA for 30
min in 200 pL of bead blocking buffer (Quanterix) under agitation on the rotator. Finally, the
antibody-conjugated beads were washed with 200 pL of bead wash buffer, 200 L of bead
diluent (Quanterix), and resuspended in 200 uL of bead diluent. IL-7, IL-8, and IL-10
capture antibodies were conjugated to 488, 700, and 647 nm dye-encoded beads,
respectively. Beads were counted using a Beckman Coulter Z1 Particle Counter and stored at
4°C.

Setup of Standard Multiplex Simoa Assay:

Human recombinant protein standards for IL-7 (207-1L-005), IL-8 (208-1L-010), and IL-10
(217-1L-005) were purchased from R&D Systems. Proteins were received lyophilized,
reconstituted in 1x phosphate buffered saline (PBS) with 1% BSA, and stored in aliquots at
—80 °C until ready for use. Protein standards were serially diluted in homebrew sample/
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detector diluent (Quanterix) to the desired concentrations. In a three-step assay
configuration, the first step was performed offline the HD-X Analyzer (Quanterix), whereas
the second and third steps were performed onboard the HD-X Analyzer, as described below.
This assay format was used for standard multiplex Simoa to allow for direct comparison to
the sequential multiplex Simoa assay, as described below. Capture beads were diluted in
homebrew sample/detector diluent to a concentration of 75 000 beads pL=1 (with 25 000
beads uL~1 per target). For the protein capture step, 100 pL of sample (protein) and 10 uL of
capture beads were added to a 96-well plate (Greiner Bio-One 655096) and incubated at
room temperature with shaking for 30 min. The beads were washed three times with System
Wash Buffer 1 (Quanterix) on a Tecan plate washer. Beads were resuspended in 1x sodium
chloride-sodium phosphate buffer with 1.6% dextran sulfate and then transferred to a new
96-well plate (Quanterix) and loaded onto the HD-X Analyzer for analysis. Biotinylated
detection antibodies for IL-7 (BioLegend 506601), IL-8 (BD Biosciences 554718), and
IL-10 (BioLegend 501501) were combined and diluted into one solution in homebrew
sample/detector diluent at a total concentration of 230 ng mL=2. The diluted concentrations
for the IL-7, IL-8, and IL-10 biotinylated detection antibodies were 150, 5, and 75 ng mL™1,
respectively. Streptavidin-g-galactosidase (SpG) concentrate (Quanterix) was diluted to 100
x 10712 m in SPG diluent (Quanterix). Biotinylated detection antibody and SG solutions
were placed in plastic bottles (Quanterix) and loaded onto the HD-X Analyzer prior to
analysis. Resorufin p-D-galactopyranoside (RGP), System Wash Buffer 1, System Wash
Buffer 2, and Simoa sealing oil were purchased from Quanterix and loaded on the HD-X
Analyzer as per the manufacturer’s instructions. Onboard the HD-X Analyzer, all
incubations and washes were performed automatically as follows: beads with captured
protein were washed, resuspended in 100 uL of biotinylated detection antibody solution, and
incubated at room temperature for 5.25 min (7 cadences); washed, resuspended in 100 pL of
SpG solution, and incubated at room temperature for 5.25 min (7 cadences); washed; and
finally resuspended in RGP solution before loading into microwell arrays for analysis.
Following bead loading, the microwell array was sealed with oil and imaged. AEB values
were calculated by the software in the HD-X Analyzer.

Setup of Sequential Multiplex Simoa Assay:

IL-7, IL-8, and IL-10 protein standards were serially diluted in homebrew sample/detector
diluent to the desired concentrations. In a three-step assay configuration, the first step was
performed offline from the HD-X Analyzer, whereas the second and third steps were
performed onboard the HD-X Analyzer, as described below. Capture beads were diluted in
homebrew sample/detector diluent to a concentration of 50 000 beads pL~1. For the protein
capture step, 100 uL of sample (protein) and 10 uL of IL-7 capture beads were added to a
96-well plate (Greiner Bio-One 655096), denoted as plate 1, and incubated at room
temperature with shaking for 30 min. After incubation, the 96-well plate was placed on a
DynaMag-96 Side Skirted magnet (Thermo Fisher Scientific) for 1 min to allow the beads to
pellet at the bottom of each well. The entire sample volume was transferred from plate 1 to a
new 96-well plate (plate 2). The beads in plate 1 were resuspended in 100 puL of homebrew
sample/detector diluent and washed three times with System Wash Buffer 1 on a Tecan plate
washer. This sample incubation, transfer, and washing process was repeated in plate 2 with
IL-8 beads and plate 3 with 1L-10 beads. Beads from each plate were resuspended in 1x
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sodium chloride-sodium phosphate buffer with 1.6% dextran sulfate and then transferred
into a new 96-well plate (Quanterix) and loaded onto the HD-X Analyzer for analysis. For
each sample, IL-7, IL-8, and IL-10 capture beads were transferred into three separate wells
in the 96-well plate. Biotinylated detection antibodies for IL-7, IL-8, and 1L-10 were diluted
into three separate solutions in homebrew sample/detector diluent at final concentrations of
300, 10, and 150 ng mL~1, respectively, and placed in three separate plastic reagent bottles.
SpG concentrate was diluted to 100 x 10712 m in SAG diluent. Biotinylated detection
antibody and SpG solutions were placed in plastic bottles and loaded onto the HD-X
Analyzer prior to analysis. RGP, System Wash Buffer 1, System Wash Buffer 2, and Simoa
sealing oil were loaded on the HD-X Analyzer as per the manufacturer’s instructions.
Onboard the HD-X Analyzer, all incubations and washes were performed automatically as
follows: beads with captured protein were washed, resuspended in 100 pL of the
corresponding biotinylated detection antibody solution (i.e., IL-7 beads were resuspended in
IL-7 biotinylated detection antibody solution, IL-8 beads were resuspended in IL-8
biotinylated detection antibody solution, and 1L-10 beads were resuspended in IL-10
biotinylated detection antibody solution), and incubated at room temperature for 5.25 min (7
cadences); washed, resuspended in 100 pL of SBG solution, and incubated at room
temperature for 5.25 min (7 cadences); washed; and finally resuspended in RGP solution
before loading into microwell arrays for analysis. Following bead loading, the microwell
array was sealed with oil and imaged. Beads for each marker were analyzed in separate
microwell arrays. AEB values were calculated by the software in the HD-X Analyzer.

Protein Detection in Plasma:

Pooled plasma samples were purchased from BiolVT and stored at =80 °C until ready for
use. Plasma samples were thawed at room temperature and then centrifuged at 4 °C for 10
min at 2000 x g. The supernatant was collected and centrifuged a second time through a
0.45 x 1078 m filter at 4 °C for 10 min at 2000 x g. The filtrate was serially diluted in
homebrew sample/detector diluent 4-to 32-fold for dilution linearity studies and diluted
eightfold for spike and recovery studies. For spike and recovery experiments, different
amounts of recombinant IL-7, IL-8, and IL-10 proteins (50, 5 and 0.5 pg mL~1) were spiked
into the plasma samples. Clinical samples were obtained from patients presenting to
Brigham and Women’s Hospital with viral respiratory symptoms who tested positive for
SARS-CoV-2. Pre-pandemic samples, collected from healthy individuals before October 1,
2019, were obtained from the Partner’s Biobank. Clinical samples were collected with prior
informed written consent and Institutional Review Board approval (protocol no.
2020P001204). The plasma samples were thawed at room temperature and then centrifuged
at 4 °C for 10 min at 2000 x g. The supernatant was collected and diluted fourfold in
homebrew sample/detector diluent. IL-6, IL-7, IL-8, IL-10, and IL-15 were measured in the
COVID-19-positive and healthy control samples using the sequential multiplex Simoa assay
as described above.

Data Analysis:

For all the data presented in the article, duplicate measurements per sample were obtained
and the mean value was plotted. Error bars represent the standard deviation of the two
measurements. The calibration curves were fitted using GraphPad Prism version 8.3. All
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figures were plotted in GraphPad Prism, Igor Pro version 6.3, and Adobe Illustrator version
2015.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. Bead-based protein capture —» Incubation with detection antibodies —» Incubation with SBG —» Detection in Single Molecule Arrays
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Figure 1.

A) In a standard multiplex Simoa assay, a mixture of magnetic beads coated with different
capture antibodies are incubated with a biological sample. Target protein molecules bind to
the antibody-coupled beads. In the second step, the beads are introduced to a mixture of
detection antibodies, and biotinylated detection antibodies bind to the corresponding target
protein. In the third step, the enzyme SBG binds to the biotinylated detection antibody,
completing the immune complex. Finally, beads are resuspended in a fluorogenic substrate,
loaded into microwell arrays, and sealed with oil. Single-molecule counting is achieved by
counting active wells. B) In the sequential multiplex Simoa assay, biological samples are
incubated with antibody-coated beads in a sequential fashion (first type of antibody-coupled
beads followed by second type of antibody-coupled beads, followed by third type of
antibody-coupled beads). Between each bead incubation, the beads are pelleted to the
bottom of the well with a magnet and the sample supernatant is transferred to be incubated
with the next set of beads. After each protein capture step, each bead type is incubated only
with the corresponding detection antibody. The remaining steps follow the steps of a
standard Simoa assay.
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A. Standard Multiplex Assay B. Sequential Multiplex Assay
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Figure2.
Calibrations curves for IL-7 (blue circles), IL-8 (green triangles), and I1L-10 (red squares) in

the A) standard multiplex assay and B) the sequential multiplex assay. Each curve is fit by
4PL regression. Each marker represents the average of duplicate measurements and the
corresponding error bars represent the standard deviation of duplicate measurements.
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A. Standard Multiplex Assay
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Sequential Multiplex Assay
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Figure 3.

Protein dropout experiments to assess the cross-reactivities of the A) standard multiplex
Simoa assay and B) sequential multiplex Simoa assay. Each plot shows a different
experiment wherein only one of the three target proteins is measured at a time to assess the
binding to both on-target and off-target capture beads. Each marker represents the average of
duplicate measurements and the corresponding error bars represent the standard deviation of

duplicate measurements.
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Sequential Multiplex Assay
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Quantification accuracy of the Simoa multiplex assays. A) Samples consisting of mixtures of
IL-7, IL-8, and IL-10 were prepared and measured in both the standard multiplex assay and
sequential multiplex assay. The measured concentrations are plotted for both assays. Dotted
lines represent the actual concentrations of each protein at either 80 or 0.1 pg mL™L. B)
Percent recoveries for each protein in each sample, calculated by dividing the measured
concentration by the actual concentration. Actual protein concentrations are displayed in the
tables. Error bars represent the standard deviation of duplicate measurements.
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Serial monitoring of cytokine levels in plasma using sequential multiplex Simoa assays. A)

Calibration curves for the five-plex sequential multiplex Simoa assay; cytokines IL-6

(purple), IL-7 (blue), IL-8 (green), IL-10 (red), and IL-1p (brown) were measured in this
assay. Each curve is fit by 4PL regression. Error bars represent the standard deviation of
duplicate measurements. B) Measured concentrations of five cytokines from three healthy
(red circles) and 11 COVID-19-positive (black circles) individuals. Each marker represents
the average of duplicate measurements. C) Percentage changes in cytokine levels in five
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serial samples collected from one individual who tested positive for COVID-19. The
percentage change was calculated relative to the day of the first positive NP RT-PCR. Error
bars represent the standard deviation of duplicate measurements.
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