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Digital detection of proteins
David C. Duffy ®

This paper reviews methods for detecting proteins based on molecular digitization, i.e., the isolation and
detection of single protein molecules or singulated ensembles of protein molecules. The single molecule
resolution of these methods has resulted in significant improvements in the sensitivity of immunoassays
beyond what was possible using traditional “analog” methods: the sensitivity of some digital immunoassays
approach those of methods for measuring nucleic acids, such as the polymerase chain reaction (PCR). The
greater sensitivity of digital protein detection has resulted in immuno-diagnostics with high potential
societal impact, e.g., the early diagnosis and therapeutic intervention of Alzheimer's Disease. In this review,
we will first provide the motivation for developing digital protein detection methods given the limitations in
the sensitivity of analog methods. We will describe the paradigm shift catalyzed by single molecule
detection, and will describe in detail one digital approach - which we call digital bead assays (DBA) - based
on the capture and labeling of proteins on beads, identifying “on” and “off” beads, and quantification using
Poisson statistics. DBA based on the single molecule array (Simoa) technology have sensitivities down to
attomolar concentrations, equating to ~10 proteins in a 200 pL sample. We will describe the concept
behind DBA, the different single molecule labels used, the ways of analyzing beads (imaging of arrays and
flow), the binding reagents and substrates used, and integration of these technologies into fully automated
and miniaturized systems. We provide an overview of emerging approaches to digital protein detection,
including those based on digital detection of nucleic acids labels, single nanoparticle detection,
measurements using nanopores, and methods that exploit the kinetics of single molecule binding. We
outline the initial impact of digital protein detection on clinical measurements, highlighting the importance
of customized assay development and translational clinical research. We highlight the use of DBA in the
measurement of neurological protein biomarkers in blood, and how these higher sensitivity methods are
changing the diagnosis and treatment of neurological diseases. We conclude by summarizing the status of
digital protein detection and suggest how the lab-on-a-chip community might drive future innovations in
this field.

(immunohistochemistry ~ (IHC), fluorescence in  situ
hybridization (FISH), etc.), measuring concentrations of

In his book Rationality, the cognitive scientist and renowned
science communicator Steven Pinker writes that “...better
instruments, more sensitive diagnostics, more reliable forensics
—is an unmitigated good, reducing errors...Enhancing sensitivity
should always be our aspiration in signal detection
challenges...”." Generations of scientists and engineers have
been engaged in research and development to innovate
signal detection methods that better assess the status of
biological systems and diagnose diseases. The analytical
methods developed cover disparate detection modalities,
such as in vivo imaging (X-ray imaging and magnetic
resonance imaging (MRI)), in vitro tissue staining
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biological molecules in bodily fluids (immunoassays (IA) and
polymerase chain reaction (PCR)), sequencing of DNA, and
implantable devices. A common driving force behind these
innovations has been the “unmitigated good” highlighted by
Pinker: enhancing sensitivity. These innovations in sensitivity
have been the basis of a revolution in medical diagnoses
based on the measurement of specific molecules in humans.
High sensitivity methods have driven a greater understanding
of the molecular basis of disease and provided tools for the
development of novel therapeutics. The digital detection of
proteins is a recent advance that has greatly improved the
sensitivity of immunoassays. The enhanced sensitivity of
digital protein detection has already resulted in unique
capabilities for wunderstanding of, diagnosis of, and
developing treatments for neurological diseases, such as
Alzheimer's disease and multiple sclerosis, that are amongst
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the most devastating diseases facing humankind. In this
review, we will describe the technologies underlying digital
detection of proteins, how it improves the sensitivity of
immunoassays, and how it has impacted clinical
measurements in important diseases.

The most scalable approach to enable sensitive molecular
diagnoses of as many people as possible is to measure
molecules in samples that are easy to collect, such as urine,
saliva, nasal swabs, and blood. The scalability of this type of
test depends on low manufacturing costs of test equipment
and kits, access to multiple avenues for the wide distribution
of tests (hospitals, doctor's offices, clinics, homes), as well as
the simplicity of sample collection in a non-invasive or
minimally invasive way. The boundaries of sensitivity for
highly scalable tests have been pushed the furthest for the
measurement of nucleic acids (DNA and RNA) by the
development of highly sensitive amplification techniques
(such as PCR and loop-mediated isothermal amplification
(LAMP)) and next generation sequencing (NGS).> For
example, PCR is routinely capable of detecting 10s of copies
of a nucleic acid in a few microliters of sample, equating to
concentrations in the attomolar (107'® M) range. The
remarkable innovations in the ultrasensitive analytical
detection of nucleic acids have resulted in the field of
molecular diagnostics that has revolutionized the diagnosis
and management of several diseases, especially cancer and
infectious diseases (ID). Improvements to the sensitivity of
protein measurements - which offer very different
information on the status of biological systems than DNA
and RNA - has historically lagged the measurement of
nucleic acids. Until recently, protein detection has been
based on conventional sandwich immunoassays, especially
the enzyme-linked immunosorbent assay (ELISA) first
demonstrated in 1971,> with the most sensitive methods

David C. Duffy 1is Chief
Technology Officer at Quanterix
Corporation.  Previously, he
worked at Surface Logix, Gamera
Biosciences, and Unilever. He
was a postdoctoral research
fellow in the Department of
Chemistry and Chemical Biology
at Harvard University. David was
the first Sir Alan Wilson Research
Fellow of Emmanuel College,
University of Cambridge. He
received a Ph.D. in from the
Department of Chemistry at the
University of Cambridge, and obtained his B.A. and M.A. degrees
from Selwyn College, University of Cambridge. David's scientific
research has focused on measuring molecules that are difficult to
detect, microfluidics, microsystem development, and surface
chemistry.

David C. Duffy

This journal is © The Royal Society of Chemistry 2023

View Article Online

Tutorial review

having limits of detection in the picomolar (10™'* M) range,
approximately a million times less sensitive than PCR.

The primary technical motivation for innovating more
sensitive protein detection methods - to complement those
available for DNA and RNA - is that protein expression
provides a “real time” biological status of an organism in
contrast to detection of nucleic acids that indicate the
presence of a gene but often not its functional activity.
DNA provides the genetic code for potential conditions to
develop but you usually need to measure proteins to know
if they did. An interesting consequence of the “sensitivity
gap” between proteins and nucleic acids - but the need for
information on the expression products of genes - is the
emergence of many technologies that measure messenger
RNA (mRNA). Detection of mRNA can leverage highly
sensitive NA detection methods, such as PCR, while
providing information on gene expression, although it is
now well established that mRNA levels do not correlate well
to protein expression levels.*

Greater sensitivity to the levels of protein expression also
opens many analytical and clinical possibilities for scalable
diagnostics.” First, earlier detection of disease onset is
possible, e.g., in cancer and ID, when far fewer copies of
proteins are in circulation. Second, it becomes possible to
detect the proteins in samples that are more accessible but
typically contain lower protein concentrations: for example,
cancer biomarkers have high expression levels in tissues
(which are difficult to sample) but are diluted in blood
(which is easy to sample). Third, greater sensitivity allows
the profiling of proteins in healthy people as well as
individuals suffering from chronic diseases. Protein
expression levels often increase as a disease progresses, but
with lower sensitivity assays it is often only possible to
detect diagnostic proteins in sick people, an example being
troponin, a marker of cardiac damage. Fourth, many
therapeutics, especially those based on antibodies, target
protein molecules and lower their concentration, so higher
sensitivity assays enable the monitoring of those target
proteins as a function of drug dose and time course. Fifth,
greater sensitivity can be used to increase the speed of a
test for higher abundance proteins. Sixth, greater analytical
sensitivity to proteins can make it possible to measure these
molecules in more challenging samples, such as stool, and
in small sample volumes via the use of high dilution
factors. More sensitive immunoassays, therefore, have the
potential to greatly improve the power of diagnostic tests
based on detecting proteins.

Given these many motivations, research into more
sensitive protein detection has been intense since the first
sandwich immunoassays emerged. Detection improvements
in immunoassays followed a path cleared by innovations in
label and optical detection technologies, with sensitivity
increasing incrementally from the 1970s to 2000s moving
from detection of radiometric to colorimetric to fluorescent
to chemiluminescent and electrochemiluminescent labels.®
All of these methods can be viewed as analog approaches
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where the average signal from an ensemble of labeled protein
molecules is measured using an optical system. A key
concept emerged in the 1990s and 2000s, however, that
offered the potential for a step change in sensitivity of
protein assays similar to the way that amplification of nucleic
acids by polymerases changed the game for DNA: the
counting of single immunocomplexes. As Prof. David Walt
has articulated this approach: “the highest resolution
measurement one can make is at the single molecule level; it just
does not get any better than that”.” By focusing on the
presence or absence of single molecule binding events, this
approach can be viewed as a digital revolution for protein
detection.

In this review, we will describe the emergence of digital
detection of proteins that has led to a dramatic improvement
in the sensitivity of immunoassays, and has consequently led
to better understanding, diagnoses, and treatments of severe
diseases. Digital protein detection draws on many disciplines
needed for lab-on-a-chip systems, such as binding substrates
and reagents, label chemistry, microfluidics, optics, and
signal processing. One digital detection method has gained
significant traction and has been widely researched: the
capture and labeling of proteins on individual beads and
counting on and off beads according to Poisson statistics.®
We will provide details on the developments of the different
lab-on-a-chip components that have been important in the
emergence of this method. We will review other approaches
to digital detection of proteins that have emerged. We will
describe how the greater sensitivity of digital protein
detection  methods has enabled wunique clinical
measurements, and how blood tests based on these methods
have helped in the understanding and diagnoses of
neurological diseases. We end by highlighting areas for
future development in this field.

This review is not intended to be a comprehensive
literature review on ultrasensitive protein detection or digital
detection of biomolecules in general, but instead a focused
summary of the key concepts and advances in ultra-sensitive
protein detection methods based on the counting of single
molecules or singulated ensembles of molecules. Several
excellent comprehensive reviews have appeared in recent
years that cover broader aspects of the approaches described
here, namely, digital detection of biomolecules (Cunningham
and co-workers,” and Liu et al'), ultrasensitive protein
detection (Cohen and Walt),"* and optical detection of single
molecules (Gorris and co-workers,”> and Walt’). Other
authors have also provided helpful perspectives on digital
detection of proteins,'*'%*>1¢

2. Changing the paradigm of protein
detection

The original sandwich immunoassays are children of the
1970s.® In parallel to the efforts to improve the sensitivity of

these assays via brighter labels and more sensitive detection
systems as described above, researchers continued to explore
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novel approaches in the hope of triggering a paradigm shift
in protein detection as occurred in nucleic acids upon the
invention of PCR. In fact, many of the approaches developed
for proteins took direct inspiration from PCR, and
incorporated the amplification of nucleic acid labels into
immunoassays. For example, immuno-PCR was developed'’
that replaced the enzyme label of ELISA with a DNA label that
was amplified by PCR leading to significant improvements in
sensitivity.'® Subsequently, other creative methods based on
nucleic acid labels emerged such as the proximity ligation
assay (PLA),"® the proximity extension assay (PEA),*
immunoassays based on rolling circle amplification labels
(immuno-RCA),”" and bio-barcodes.”® While many of these
methods improved the sensitivity of protein detection - often
into the femtomolar (10™*° M) range® - they have not found
widespread adoption as ultrasensitive methods. This
limitation is due to the inherent challenges in robust
amplification of nucleic acid labels due to interfering
substances in complex samples, and the imprecision
associated with exponential PCR readout.**

The counting of single molecules emerged as a candidate
for a paradigm shift to improve the sensitivity to proteins.
While single molecule detection had been studied for a long
time (especially in fluorescence microscopy), the application
of these digital approaches for measuring biomolecules
increased substantially around the turn of the millennium.
As has often been the case, the digital detection of nucleic
acids led the way via methods such as digital PCR,* single
molecule RCA at DNA arrays,>® and detection of single
molecules based on single-electron transistors®” and atomic
force microscopy;*® new digital detection methods for nucleic
acids continue to emerge.>**° More broadly, digital detection
of biomolecules has emerged as a fertile field for innovation,
as described in several reviews,”'® including those that
describe nanoparticle detection®® and single molecule
biosensors.*

For proteins, digital detection was enabled by counting of
single molecule labels bound to immunocomplexes. Various
approaches for “single molecule counting” were initially
developed based on the isolation of individual labeled
immunocomplexes followed by high resolution detection of
the labels. Hirmé and co-workers at the University of Turku
developed a method based on formation of sandwich
immunocomplexes at the flat bottom of a conventional
planar ELISA well plate, followed by time-resolved fluorescent
(TIRF) imaging of individual europium nanoparticle labels at
the well surface.**® This assay had a limit of detection
(LOD) for PSA of ~1 pM;** for reference, the LOD of
traditional, analog clinical immunoassays for PSA at that
time was ~3 pM.® Another common approach was to detect
using high power excitation sources and sensitive detectors
the immunocomplexes formed at the bottom of flat plates
where the detection antibodies were modified with
fluorophores. Loscher et al.>” used a diode laser and a single-
photon-counting  avalanche  photodiode to  detect
fluorescently labeled detection antibodies associated with
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immunocomplexes at the bottom of modified glass slides,
and showed LODs in the femtomolar range. Schweitzer
et al.” imaged individual labels formed by immuno-RCA at
the bottom of ELISA plates and microarray spots,
demonstrating an LOD of 3 fM for PSA, about 1000-fold more
sensitive than the existing clinical tests for PSA. Several single
molecule imaging methods have been based on total internal
reflection imaging of fluorescently labeled detection
antibodies bound to immunocomplexes at planar
surfaces.*®**! Researchers at Singulex modified the planar
imaging approach to make use of flow-based detection by
chemically releasing the detection antibodies from the
bottom of the plate, flowing the solution through a capillary,
and detecting the fluorescently labeled detection antibodies
by using laser excitation and an avalanche photon
detector.*>** Using this approach they achieved improved
sensitivities for several clinically relevant analytes, including
troponin (LOD = 5.7 pM, compared to ~60 pM for the
traditional clinical immunoassay) that allowed detection of
this biomarker of cardiac damage in healthy individuals.**
The instrumentation was subsequently updated to allow
counting of the released single labels in the wells of a
microtiter plate without the use of flow, enabling the
multiplex detection of 3 interleukins.*

Imaging ®.® ®
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While these approaches demonstrated the potential of
counting single immunocomplexes, assay sensitivity and
robustness were limited by several factors. First, the shot
noise associated with raw single label counting is high,
especially when the field of view (FOV) is limited as for many
of these early attempts. This “unnormalized” approach to
counting single events added to imprecision and
required very high precision over aspects of the assay
process other than detection that impact the number of
molecules detected, such as reagent concentrations, volumes,
temperature, etc. Second, most methods were based on
capture on planar substrates where inefficient transport of
proteins to the capture antibodies can cause sensitivity to be
limited kinetically.*® Third, the challenges of detecting single
antibodies labeled with only a few fluorophores results in
very low signal-to-noise ratios for single labels necessitating
the use of expensive and complex excitation sources and
detectors. Fourth, despite single label resolution, assays were
often limited by non-specific binding of labeling reagents to
surfaces causing high assay backgrounds, making the
methods insensitive to very low concentrations of specifically
labeled proteins. These challenges resulted in limited
adoption of single molecule counting methods for proteins
in clinical and research laboratories.

KEY
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Fig. 1 Digital bead assays (DBA): 1) 1000-500 000 antibody-coated beads are mixed with a sample containing the target protein; 2) at low
concentrations—when the ratio of proteins to beads is <l—proteins are captured and labeled according to Poisson distribution, resulting in a
fraction of beads associated with zero labels and a fraction of beads associated with at least 1 label, i.e., digitization; 3) the population of beads are
then analyzed using imaging or flow detection methods to determine the fraction of beads that are associated with at least one label (f,,) and the
mean intensity of the labels associated with the “on” beads (lpeaq); 4) fon and Ieaq are converted to average number of labels per bead (“ALB™) using
the Poisson distribution equation or intensity normalization. Calibration curves of ALB as a function of protein concentration are used to
extrapolate the concentration of samples from their measured ALB.
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3. Digital detection of proteins
captured on beads

3.1 Concept

A key concept for digital detection of proteins - the capture
and labeling of low concentrations of proteins on an excess
of beads, and determining the presence or absence of 1 or
more labels on individual beads - was first demonstrated in
our laboratory,® and was designed to address many of the
challenges in single molecule counting of proteins. Fig. 1
shows a schematic representation of this approach to digital
detection of proteins that we will refer to as digital bead
assays (DBA). A sample containing the protein is initially
mixed with beads that are coated with capture antibodies
that are specific to the target protein (Fig. 1, panel 1). At
low concentrations, there are fewer protein molecules than
beads and the captured proteins are distributed over the
beads according to a Poisson distribution. These proteins
are then labeled with a second antibody and a detectable
label (Fig. 1, panel 2). The single molecule resolution of this
approach is simply a statistical consequence of the Poisson
distribution. For illustration, at 1 fM there are
approximately 60000 protein molecules in a 100 uL sample,
and if these proteins are captured and then labeled on
500000 beads,® then the average number of labels per bead
(#) would be 0.12. According to the probabilities (P)
predicted by the Poisson distribution

v

P,(v) =e™ (ﬂ—> - we would expect that 88.7% of the beads

equation -

v!

would have no labels (v = 0), 10.6% of beads would be
associated with a single label (v = 1), and only 0.64% of
beads would have 2 labels (v = 2). The beads are then
interrogated individually (Fig. 1, panel 3) - using imaging
or flow detectors - at the characteristic wavelengths of the
beads and labels. Histograms of the label intensity from the
beads allow us to determine those beads that are associated
with no labels (“off-beads”, v = 0), and beads that are
associated with at least 1 label (“on-beads”, v = 1), hence
the digital nature of this method. From this ability to
distinguish on- and off-beads, we can determine the
fraction of the beads that are on (f,, = on-beads + total
beads), which equates to 1 — P, (0). The histograms also
yield an average intensity of all on-beads (I,e.q). Fortunately,
the Poisson distribution allows us to determine the average
number of labels per bead (ALB) (Fig. 1, panel 4) just from
counting on- and off-beads (eqn (1)), i.e., without needing
to distinguish the number of labels on individual beads:"”

ALBcounting = —11’1(1 _fon) (1)

An important distinguishing feature of this approach,
therefore, was that measurement of the absence of single
labels on the capture beads was as important as measuring
their presence, so that f,,, provided an intrinsic normalization
that was absent from earlier approaches to single molecule
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counting. At higher concentrations, where there are more
protein molecules than beads, digital counting is no longer
precise, and we use the average intensity to quantify the
average number of labels per bead (eqn (2)):

ALBintensity = (I_bead/l_single) ><‘fon (2)

where Inge is the average intensity of a single label on a
bead.”” As the average number of labels per bead is
proportional to the concentration of protein in the sample, we
can determine concentrations by extrapolating the ALB values
of samples to those of a set of calibrators (Fig. 1, panel 4).
Calibration is required in DBA because the number of protein
molecules captured and labeled - and hence the ALB values
measured - depend on the kinetics of the binding reactions
that are determined by reagent affinity, concentration,
incubation times, temperature, etc., as for other
immunoassays. This situation contrasts with digital PCR
where calibration is, in principle, not required as the
amplified target molecules are directed counted free in
solution without the need for intermediate binding and
labeling reactions at a surface.

The first demonstration of the DBA concept was based on
labeling the immunocomplexes with (-galactosidase,
isolating individual beads in arrays of microwells, sealing the
beads in the wells in the presence of a fluorogenic substrate
to the enzyme, and imaging the microwells to determine on-
and off-beads (Fig. 2).® In this case, the label was an enzyme
so the digital signal was quantified by average enzymes per
bead (AEB). This approach - which we called Single Molecule
Arrays or Simoa - was inspired by work that showed that by
confining B-galactosidase in femtoliter-sized microwells with
its substrate, the accumulation of fluorescent product
molecules enabled single enzyme molecules to be measured
using standard microscopes.’®*® In this first report of a
“digital ELISA” (Fig. 2), the ability to detect single enzyme
labels allowed reductions in the concentrations of labeling
reagents needed, in turn reducing the assay backgrounds,
and allowed subfemtomolar concentrations of both PSA and
TNF-o. to be measured in serum above those backgrounds.
The LOD for PSA (200 aM) of this digital ELISA represented
an ~1600-fold improvement over the clinical ultrasensitive
PSA test, and was used to measure PSA in 30 patients post-
radical prostatectomy who were all undetectable in the
clinical test. The high sensitivity of the assays showed that
the PSA concentrations in the serum of these patients varied
over 3 logs from subfemtomolar to 100 s of femtomolar. This
approach led to the first commercial embodiments of digital
ELISA,*° and applications in numerous fields of biomedicine,
especially in neurology, that are described in section 5.

The detection of single enzymes on beads was pivotal for
detecting subfemtomolar concentrations of proteins by a)
lowering assay backgrounds, and b) allowing single captured
proteins to be detected above that background. Beyond that
analytical advance, this approach had several intrinsic
properties that leant itself favorably to the development of

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 The first digital bead assay, based on sealing of beads associated with one or zero immunocomplexes in arrays of microwells, and counting
of individual enzyme labels. The method has also become known as digital ELISA and the underlying technology as single molecule arrays (Simoa)

(ref. 8). Figure reproduced with permission.

robust, scalable high sensitivity immunoassays. First,
determining on- and off-beads and using Poisson statistics to
determine a parameter (ALB = AEB) made the method
directly proportion to concentration, and allowed
normalization of the signal to the total number of beads.
These properties greatly helped precision compared to
previous methods described above that just counted the
presence of labels on a single substrate. Second, the ability to
disperse the capture antibodies on beads throughout a
sample resulted in highly efficient capture of the target
protein,®® solving the “diffusion” problem of transport of
proteins to planar capture surfaces.*® Efficient capture of the
target analyte is a primary driver of sensitivity when counting
single molecules, and using beads effectively meant that the
capture antibodies went to the proteins rather than vice versa.
Third, the approach of trapping the fluorescent product of
the enzyme-substrate reaction in femtoliter wells resulted in
very high signal-to-noise ratios (SNR) for single labels that
had not been achieved previously. This approach allowed
wide FOV detection methods based on low-cost excitation
sources (lamps or LEDs) and uncooled CCD/CMOS cameras,
compared to previous methods typically based on small FOV
imaging and laser excitation. Fourth, this approach was
based on digitizing conventional sandwich immunoassays, so
could make use of existing antibody pairs, beads, and sample
dilution buffers to suppress non-specific interactions, that

This journal is © The Royal Society of Chemistry 2023

have been optimized over the years for sensitivity and
specificity in analog immunoassays. In effect, digital ELISA
could “turbocharge” existing ELISA reagents. In summary,
the digital detection of proteins on beads offered the
potential to “capture all the proteins and detect all the
proteins”, so was a compelling path to the most sensitive
immunoassays possible.

The use of beads also enabled subsequent improvements
that helped implementation of the assays. The ability to
switch from digital counting to average intensity of beads
(Fig. 1; eqn (1) and (2)) enabled a dynamic range of >3 logs
that is often needed in clinical applications.”” Beads also
offered a convenient path to multiplex digital detection of
proteins via the use of beads that were modified with
different fluorescent dyes.’>>® The use of superparamagnetic
capture beads allowed the magnet pelleting and
resuspension of beads in wash buffer greatly helping to
reduce assay background via high dilution factors of
labeling reagents.”® Many existing immuno-diagnostic
systems are based on the same beads, albeit with analog
detection, so existing liquid handling equipment for beads
could be used to implement the digital ELISA approach.’
Lastly, and perhaps counter-intuitively, sensitivity can be
further improved by reducing the number of capture beads™
by increasing ALB at a given concentration and increasing
assay slope.>

Lab Chip, 2023, 23, 818-847 | 823


https://doi.org/10.1039/d2lc00783e

Published on 10 January 2023. Downloaded on 6/21/2026 9:16:37 PM.

Tutorial review

A

I |

iy antibody-coated e & antibody-coated paramagnetic
Q paramagnetic beads a ‘7  beads associated with a single

enzyme-labeled immunocomplex

sealing
fluorocarbon oil

aqueous resorufin-B-D-
galactopyranoside

—

Target
capture 3)

—~

Formation and
labeling of single

immunocomplexes
@ @0

Rolling circle
amplification

View Article Online

Lab on a Chip
B

Biotin-labeled
tyramide Streptavidin-labeled

fluorescent dye

Al
@ tyramide @ tyrarnide*

.

target protein

biotinylated
detector antibody

streptavidin-DNA
conjugate

phi29 DNA
. polymerase

~—~ fluorescent probe

Fig. 3 Approaches to detecting single molecule labels in DBA. A) Sealing of enzyme-labeled beads with diffusible substrate in arrays of microwells
(ref. 55). B) Fluorescent labeling of proteins on beads via tyramide signal amplification (TSA) (ref. 60). C) Formation of DNA concatemers on beads
using rolling circle amplification (RCA) followed by labeling with complementary fluorescent probes (ref. 63). Figures reproduced with permissions.

Since the first description of the DBA concept in 2010, the
technology has been commercialized successfully and there
has been considerable research on the method. Quanterix
Corporation commercialized DBA in 2014 by developing the
Simoa HD-1 Analyzer’® and accompanying Simoa disk
microfluidic consumable,” along with specific reagent Kkits,
many of which enabled detection of neurological markers in
blood (section 5). The technical challenges encountered in
the development and scaling of DBA included: complexity of
instrumentation and consumable required to perform the
single label detection on isolated beads; wide FOV, multi-
wavelength imaging at high resolution; robustness of image
analysis algorithms to variation in instrumentation and
reagents; reproducibility of bead reagents for use in high
sensitivity =~ measurements; and, implementation of
automation processes to ensure the bead incubation steps
were well controlled. The next 4 subsections describe in
detail the various approaches developed to address these
challenges of DBA.

3.2 Single molecule labels

A key technical requirement for DBA is to detect single labels
on thousands of singulated beads at reasonable cost and size
of equipment: several single molecule labels have been
developed to achieve this goal (Fig. 3). As mentioned above,
the original approach was based on labeling biotinylated
detection antibodies with streptavidin-fB-galactosidase,
sealing the beads in arrays of microwells in the presence of a

824 | Lab Chip, 2023, 23, 818-847

fluorogenic substrate (resorufin-p-p-galactopyranoside; RGP),
and imaging the fluorescence from the resorufin molecules
generated from single enzymes in each microwell (Fig. 3A).
Fluorescein di(-p-p-galactopyranoside) (FDG) has also been
used as a substrate for detection of single molecules of
B-galactosidase,”®® and horse radish peroxidase (HRP) has
also been used to generate the freely diffusible fluorescent
products in digital ELISA.>® The step of sealing the array of
microwells has been achieved using elastomeric films® and
fluorocarbon 0il.>*”>” While providing a single molecule label
with a very high SNR, loading and sealing of beads in
microwells creates complexity in the fluidic handling and
consumable design. Research into alternative methods have
focused on single molecule labels where the labels measured
are directly associated with the beads - rather than free to
diffuse away from the bead as for resorufin - to avoid the
need to seal the beads in microwell arrays, and hence reduce
the complexity of the detection process and consumable
(Fig. 3).

The tyramide signal amplification (TSA) detection
chemistry has been used to perform digital ELISA without
needing to seal beads in microwells (Fig. 3B).°>®" In this
approach, the bead-bound immunocomplexes were labeled
with streptavidin-HRP conjugates, and the HRP enzyme-
substrate reaction created fluorescent tyramide radicals that
react with aromatic amino acids of proteins associated with
the beads, covalently labeling the beads directly with
fluorophores. This approach has been used to develop digital
ELISA based on detection of TSA-labeled beads using flow
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cytometry,®® and imaging of beads randomly dispersed on
planar substrates®® and in hydrogel films.®® While TSA is a
useful approach that avoids the need for microwells, the
tyramide radicals are still free to diffuse in solution, so in
principle can covalently label remote beads or proteins in
solution leading to increased assay backgrounds.
Amplification of nucleic acid labels offers an attractive
approach to single molecule counting on beads, and for
some methods the detected labels are directly associated with
the bead. For example, single molecule labels formed by
rolling circle amplification (RCA) have been developed by the
Walt lab (Fig. 3C).°*®® Unlike TSA, in RCA the fluorescent
labels do not diffuse away from the beads making the
method more specific and have lower backgrounds. In this
approach, immunocomplexes on beads were labeled with
streptavidin conjugated to a circularized DNA primer, and
RCA by a polymerase was performed on all beads in bulk
solution. For each single streptavidin-DNA conjugate, the
RCA polymerase created a concatemer of DNA repeat
sequences that were then hybridized with fluorescently
labeled complementary probes, thereby directly labeling the
beads with 100 s or 1000s of dye molecules. On- and oft-
beads were identified either by imaging of randomly
dispersed beads dried in monolayer films®* or by flow
cytometry.®® Another approach based on nucleic acid
amplification is to perform immuno-PCR on single
immunocomplexes associated with beads: Zhou proposed
this concept with the beads isolated in droplets.®* While they
did not report immunoassays, Ramsey and co-workers
demonstrated digital detection of beads of PCR products
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from single primer labels on beads sealed in arrays of
microwells.®®

Liu and co-workers have shown proof-of-concept of
another single molecule approach that localizes fluorescence
on individual beads, and allows on- and off-beads to be
identified using flow cytometry.®*®” In this approach, a single
T4 polynucleotide kinase phosphatase catalyzes step-by-step
dephosphorylation of nucleic acid substrates immobilized on
the beads. Subsequently, terminal deoxynucleotidyl
transferase (TdT) elongates the 3-OH modified substrates
that then bind to complementary fluorescent probes making
the bead fluorescent.®® While the authors have used this
approach to develop a sensitive assay for PSA based on the
average intensity of a large population of beads,®” they have
not yet demonstrated its use in DBA.

3.3 Analysis of beads

The detection requirement of DBA is to determine the on
and off status of large number of individual capture beads
(Fig. 1). Multi-wavelength imaging of arrayed beads has been
the most common approach to analyzing beads, and flow
systems have also been used as a detection approach.
Developments in these two areas have focused on
maximizing the efficiency of analyzing beads while reducing
the cost and complexity of the instrumentation and
consumables.

Imaging of arrayed beads. Approaches to DBA based on
arraying and imaging of beads (Fig. 4) require three key
components: 1) a substrate or consumable that allows
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over microwell arrays for high efficiency bead loading (ref. 54); Ill. loading of beads in HIH microwell arrays using DMF (ref. 73). B) Partitioning of
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singulation of the beads; 2) an optical detection system that
allows imaging of both the beads and single molecule labels;
and, 3) image analysis methods that determine the location
of beads, their on and off status, and their intensities. The
first approach for imaging beads for digital protein detection
was based on glass fiber bundle microwells arrays.>*” In this
approach, microwells were etched into the fiber bundle
arrays,”® and the beads were imaged initially using a
commercial off the shelf microscope and subsequently a
custom microscope that allowed an 8-array fiber bundle
consumable to be imaged. Standard microscopes worked well
for imaging these sized arrays (50000 wells) as high
numerical aperture (NA) imaging can be achieved at these
relatively smaller FOV (approximately 4 mm?®). Images were
analyzed using standard segmentation approaches to identify
beads from their scatter in bright-field images (which also
identified the location of wells), and the pB-galactosidase
labels were identified from the growth in intensity of beaded
wells in the resorufin fluorescence image.

We subsequently reported a disk-shaped consumable for
DBA that contained 24 arrays each with 239000 microwells
(Fig. 4A).>® This device was composed of two halves bonded
together. The bottom half contained the microwell arrays that
were molded in transparent cyclic olefin polymer (COP) using
DVD replication. The top layer contained fluidic channels
molded in COP loaded with carbon black. This consumable
allowed the delivery of the bead-RGP mixture and subsequent
oil for sealing, thereby enabling automated readout of digital
ELISA on multiple arrays. The device had several benefits
over the original glass fiber arrays. It was a low-cost
disposable manufactured using a proven, highly scalable
process (nanoscale injection molding). It had greater physical
robustness than the fragile glass arrays, and the disk-shape
was well suited for integration into an automated digital
ELISA system.’>® COP proved to be a good material for this
application as it had low background fluorescence across a
wide range of wavelengths, and its surface energy allowed
both the filling of wells with beads and sealing with 0il.>
This disk was also the basis for the magnetic meniscus
sweeping (MMS) bead loading method (Fig. 4A) that allowed
low bead numbers to be used (5000 per assay’* compared to
the 500000 beads used in the original report)® that resulted
in improvements in sensitivity sometimes in excess of 100-
fold.>® In this approach, bead loading efficiency was
increased by sweeping the bead-substrate solution over the
microwell array with a magnet under the array. The magnet
localized high concentrations of beads over the array, and
high downward capillary forces at the receding meniscus
pushed beads into the wells helping to improve the efficiency
of bead analysis from 5% to 50%. Wider FOV optics allowed
all the wells in the array to be imaged.

Imaging of the larger arrays on the disk (approximately 14
mm?) required the development of a specialized optical
system that had a wider FOV than a typical commercial
fluorescence microscope.®” A customized objective lens
enabled a wide FOV (3.8 mm x 2.8 mm) while maintaining a
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high NA (0.3) to allow high efficiency of light collection
across a wide range of wavelengths (488 to 850 nm). The
guiding optical design metric was optical crosstalk defined as
the bleeding of light energy from one well to an adjacent
well. Minimizing crosstalk becomes particularly important
for multiplex digital ELISA where 2 different bead types can
be in adjacent wells, one bead associated with zero labels
and one with 20-30 labels.>* Crosstalk from the high AEB on-
bead into the off-bead has the potential to create false on-
beads, and limit the dynamic range across which mixing of
different bead types can work. Using this optical detection
system, 7 images were acquired for each array: a bright-field
image was used to identify wells using image segmentation
and remove any areas of the image impacted by debris; 4
fluorescence channels were used to identify multiplex beads
using histogram analysis;’* and two images spaced by 30 s
were acquired at the resorufin fluorescence wavelength to
identify those beads associated with at least one enzyme. For
the latter, an on-bead was defined as exceeding a fixed
intensity growth threshold within the beaded well between
the two resorufin fluorescence images. The use of two
resorufin fluorescence images and an enzyme label helped
increase the SNR because enzymatically generated
fluorescence changed over time and static background
fluorescence could, therefore, be subtracted.

Another approach to creating arrays of microwells in
polymers was based on hydrophilic wells in hydrophobic
surfaces (HIH) that was developed by the Noji®® and
Lammertyn®” groups. Kim et al>® fabricated arrays of ~1
million HIH microwells by etching a hydrophobic polymer
spin coated on glass using a photolithographically defined
resist mask. The hydrophilic glass bottom of the microwells
helped to facilitate loading of the bead-substrate solution
and stabilized the filled wells as the oil sealed against the
hydrophobic surface of the well array. Bright-field and
fluorescence imaging of the large array was achieved in 8
min by step-and-repeat imaging using a standard
fluorescence microscope. The Lammertyn group fabricating
62500 HIH microwells in a 4 mm? area by patterning using
dry lift-off a layer of Teflon-AF on glass.”” A bright-field image
was used to identify beads, and fluorescence images at
fluorescein wavelength used to distinguish on- and off-beads.
On- and off-beads were determined using size thresholding
filters in the open-source Image] software. These researchers
used this approach to demonstrate assays for the
nucleoprotein of influenza A®” and tau in the serum of
Alzheimer's disease patents’® with LODs of 4 fM and 55 aM,
respectively. This group has reported methods for fabricating
the arrays of HIH microwells by imprinting using a
polydimethylsiloxane (PDMS) stamp’’ and by reaction
injection molding’? that demonstrated their potential as
cost-effective disposable consumables. Witters et al”?
integrated HIH microwell arrays with digital microfluidics
(DMF) to efficiently load beads into wells (Fig. 4A). Araci
et al.”* fabricated devices based on the microfluidic very
large-scale integration (mVLSI) technology in which the
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reaction chambers for each bead can be addressed
individually. They demonstrated a digital ELISA for TNF-a
using this method, although the sensitivity was likely limited
by the mVLSI array that only contained 400 reaction
chambers. Other groups®®”> have used microwells in PDMS
made using standard soft lithographic processes for
performing DBA.

As mentioned above, several groups have demonstrated
imaging approaches that do not require microwell arrays,
where randomly deposited beads are either dried on a planar
substrate,’®®* or immobilized in a hydrogel film.°" Imaging
of beads for these methods were based on the standard
bright-field (beads) and fluorescence (labels) imaging on
conventional fluorescence microscopes, and image analysis
was based on segmentation methods developed in MATLAB
or Image]. The identification of on- and off-beads was
achieved by Gaussian fits to the fluorescence intensity
histogram of the two populations. These approaches require
chemistries where the fluorescent product remain associated
directly with the beads, and the lack of a microwell grid likely
places a greater burden on image analysis to identify beads.

Another approach to singulating beads without using
microwell arrays is to isolate them in water-in-oil droplets
generated in microfluidic devices - a technology that has
been successfully employed for performing digital PCR - and
imaging self-assembled arrays of the droplets to identify on-
and off-beads. Shim et al.”® first demonstrated this approach
by isolating 1 um diam. beads labeled with p-galactosidase in
FDG-in-oil droplets with volumes of 5-50 fL. After formation,
the droplets were moved to a 2 mm X 7 mm chamber
supported by posts where they assembled into monolayers
and were imaged in bright-field to identify droplet location,
red fluorescence to identify beads, and green fluorescence to
identify on-beads (Fig. 4B). Using this approach they imaged
20000 droplets, 1900 of which contained beads and
demonstrated a digital ELISA for PSA with an LOD of 46 fM.
The efficiency of the method was low, with only 0.0016% of
beads analyzed. Cohen et al”’ significantly improved the
efficiency of this approach using larger droplets (pL) and
optimizing the design of the droplet generation microfluidics
and droplet array chamber to minimize bead loss and
maximize droplet packing. They also developed image
analysis algorithms to efficiently identify droplets, beads, and
labels from the three images. As a result, they were able to
analyze 20-30% of the 100000 beads used in the assay,
resulting in LODs of 30 aM and 20 aM for IFN-y and IL-2,
respectively. Yi et al.”® have reported a multiplex digital ELISA
based on detection of on- and off-beads in droplet “rafts”,
using polymeric HRP as the detection system and beads
encoded by impregnation of multiple dyes. As mentioned
above, droplet arrays have also been used to read out bead-
based immunoassays using PCR-generated labels.®* While
the author proposes this approach as a way to determine on-
and off-beads, the data only contained information regarding
on-beads, making it ambiguous if the assay was detecting
single molecule labels.

This journal is © The Royal Society of Chemistry 2023
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Flow detection. The Issadore group developed an
integrated system for DBA where the beads were isolated in
water-in-oil droplets, and the droplets were analyzed by
flowing them in a microchannel over an imager based on a
mobile phone and complex video analysis algorithms.”® In
this approach, beads labeled with HRP were isolated in 23 pL
droplets of a fluorogenic substrate to HRP, and the droplets
were imaged at high speed in flow using a time domain-
encoded approach at 3 excitation wavelengths. This approach
allowed beads to be analyzed at 100 MHz with assay
sensitivities similar to existing commercial digital ELISAs.
Recently, Yue et al.”’ reported a novel microfluidic device that
improved the efficiency of placing single beads in single
droplets by particle ordering using Dean flow, overcoming
the inefficiency of using a Poisson distribution to isolate
single beads in droplets.

Commercial flow cytometers have been used to analyze
beads in DBA.°”®*®® Flow cytometers have been used
extensively to analyze other bead-based immunoassay
formats, albeit at high concentrations where every bead
needs at least hundreds of label molecules bound to it to be
detected.®® The use of flow cytometry in DBA has been
enabled by the development of single molecule labels that
are sufficiently bright and remain associated with the bead
during flow analysis. The use of flow cytometry has several
benefits over imaging approaches. First, the method does not
require a specific consumable to be developed for isolating
and detecting beads. Second, the number of beads analyzed
is not limited by the “real estate” of microwells or the FOV of
an imaging system. Third, crosstalk is theoretically lower as
beads can be more widely spaced compared to microwell
arrays. Finally, this approach can leverage the existing
infrastructure of flow cytometry that is predominantly used
to analyze cells. Flow cytometric analysis of digitized beads
also has some potential pitfalls, including clogging of
channels by aggregated beads, and the need for extra care to
avoid cross contamination of beads between samples.

Akama et al.®® first reported the use of flow cytometry for
analyzing digital immunoassay beads. Single
immunocomplexes on beads were labeled using TSA, and the
beads were analyzed on a FACSVerse (BD Biosciences).
Singulated beads were identified by gating the forward scatter
and side scatter intensities, and on-beads were identified
based on exceeding a threshold in a fluorescence channel
that measured the TSA label. Recently, Wu et al.®® deployed
their single molecule RCA label chemistry to allow multiplex
detection of on- and off-beads on a flow cytometer. Forward
and side scatter were used to identify the overall bead
population, and gating in multiple channels was used to
identify individual sub-populations of dyed beads. On- and
off-beads were identified from fitting 2 Gaussian profiles to
the fluorescence intensity of the beads at the wavelength of
the RCA probe. They utilized the high efficiency read out of
flow cytometry to analyze a high fraction of the beads used in
the assay (50%), enabling them to adopt a low bead number
approach that increases assay slope and improves
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Fig. 5 Examples of different capture binding molecules used in DBA (ref. 91). Figure reproduced with permission.

sensitivity.”* They demonstrated an 8-plex of cytokines with
LODs ranging from 6 aM to 230 aM, and demonstrated
improved detectability in clinical samples compared to
digital ELISA using higher bead numbers. As described
above, Zhang et al®® use the T4 polynucleotide kinase
phosphatase label to distinguish on- and off-beads in a flow
cytometer.

3.4 Binding reagents

The base substrate for DBA has been spherical
superparamagnetic beads to which the capture binding
molecules are attached (Fig. 1). The capture binding
molecules are usually antibodies to enable detection of
specific proteins, but several other types of binding reagents
have been used in DBA to detect different classes of
molecules (Fig. 5). Several commercial sources of these beads
are available that use different manufacturing methods to
incorporate iron into the polymeric structure of the bead.
Each type of bead is usually available in multiple surface
chemistries to attach capture reagents. Most of the digital
detection methods developed have used polystyrene-based
beads with a diameter of ~3 pm, although some approaches
used 1 pm diam. beads.”*’® ~3 pm diam. beads was a
propitious choice for digital ELISA. First, the fabrication and
imaging of microwells or droplets over a sufficient FOV is
relatively straightforward at this length scale. Second, each
bead can be modified with 10°~10° antibodies per bead, such
that for the 5000 to 500000 capture beads typically used to
get a Poisson distribution at subfemtomolar concentration
there is sufficiently high antibody concentrations to allow
efficient capture of proteins.”' The most important properties
of these beads for application in digital protein detection are:
1) monomericity, i.e., low aggregation; 2) consistency in bead
shape and size; and, 3) the number and availability of the
coupling groups on the surface of the beads. Fortunately,

828 | Lab Chip, 2023, 23, 818-847

manufacturers such as Agilent (Lodestar beads) and Thermo
Fischer (Dynal beads) have developed processes that provide
this level of control of bead properties.

The most common way to attach binding reagents to these
beads is via random coupling of amine groups on the
antibodies to COOH groups on the beads via a crosslinker.
This approach has the benefit of allowing high
concentrations of antibodies to be loaded onto the beads
without loss of binding at the variable region as most
isotypes have several amines in their constant region. Other
surfaces such as tosyl®' and epoxy®® have also been used to
attach antibodies to the beads. Multiplexing beads adds an
extra complexity to the design of the beads, as sufficient dye
must be incorporated into the bead for it to be detected
without interfering with the signal molecule detection
channel. Conventional fluorescent magnetic beads that have
dyes impregnated in their cores tend to be too bright for this
application. To address this challenge, dyes were attached at
low concentrations to the COOH groups on the beads before
attachment of the capture antibodies.*”

Detection antibodies are usually biotinylated via
modification of free amines on the constant region of the
antibody.®” These molecules are then labeled with conjugates
composed of streptavidin and the single molecule label. For
these streptavidin conjugates, it is important that the
molecules are close to monomeric and not crosslinked.
Commercial sources of streptavidin conjugates used in
analog methods tend to contain crosslinked aggregates
leading to high non-specific binding and heterogeneous
single molecule signals. As a result, researchers developing
DBA often develop custom monomeric conjugates.®°

The sensitivity of DBA depends on the concentrations,
affinity, and specificity of the binding reagents used. Kinetic
models that incorporate these parameters allow researchers
to predict ALB for particular reagents, and the comparison of
these predictions to experimental data has led to significant
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Table 1 Percentage of proteins captured on beads as a function of the on- and off-rates of the capture antibody-protein interaction as per the
biomolecular association model described in ref. 51. The calculations used 500000 capture beads with 274000 antibodies per bead, and beads
incubated with 0.1 mL of sample for 10 000 s at a protein concentration of 0.1 fM. High efficiency capture (>95%) conditions are highlighted in bold text.
The combinations of k., and ko of equal affinity equal to K4 ~ 0.1 nM are italic

koir (s7)
3.1x107° 31x107° 31x10" 31x107° 3.1x10° 3.1x107 31x10°
2.7 x 10 0% 0% 0% 1% 1% 1% 1%
2.7 x 10° 0% 0% 2% 5% 6% 6% 6%
2.7 x 10°* 0% 2% 16% 40% 45% 45% 46%
Fon M5 2.7 x 10° 2% 16% 66% 95% 99% 100% 100%
2.7 x 10° 16% 66% 95% 99% 100% 100% 100%
2.7 x 10 66% 95% 99% 100% 100% 100% 100%
2.7 x 10° 95% 99% 100% 100% 100% 100% 100%

insights into the design of DBA.*' Specifically, by
measuring ALB and knowing the total number of beads in
an assay, DBA allow us to determine straightforwardly the
number of molecules detected and, therefore, the overall
efficiency of the assay (= number of labels detected +
number of protein molecules in the sample). Based on this
information, it is possible to test kinetic models of
immunocomplex formation that depend on variables such
as on- and off-rates of antibodies and reagents, reagent
concentrations, number of beads, incubation times, etc.
These models can then be used to make predictions on
assay performance as function of these variables, allowing
the sensitivity of assays to be optimized systematically. For
example, we reported a kinetic model that predicted AEB
for the formation of immunocomplexes on beads.”® The
model was based on bimolecular association and
dissociation for each step of the immunocomplex
formation, with the assumption that kinetics were not
limited by diffusion of the proteins to the beads. From
knowledge of the concentration of the protein and
reagents, the number of beads, the k., and k. of each
interaction, and the time of binding, we were able to
predict AEB and compare these values to experimental data.
Despite the simplicity and assumptions of the model - and
the limited amount of data on k., and k. — the predicted
AEB values were close to experimental data, and allowed
some critical insights into the parameters important in
detection. Most notably the model predicted that using

fewer beads would result in greater sensitivity if: a) the on-
rates of the capture antibodies can compensate for the
drop in antibody concentration caused by using fewer
beads, and still result in a high efficiency of protein
capture on the beads; and, b) the background of the assay
does not change when using fewer beads. The underlying
basis of the improvement in sensitivity was that the DBA
signal = molecules/beads that increases at a fixed
concentration by using fewer beads. So, if background is
unchanged then the signal-to-background or slope of the
assay — and therefore its sensitivity — increases with fewer
beads. We demonstrated this effect by testing beads
numbers down to <2000 beads until too few beads could
be detected for quantification.® The improvement in
sensitivity varied between different proteins in a way
consistent with the kinetic model. For some proteins, this
approach allowed LODs at subattomolar concentrations, i.e.
, down to as few as 6 proteins in a 200 puL sample. These
observations were supported by subsequent reports of
improved sensitivity using very low bead numbers in
another DBA.®* These demonstrations indicate that the
digital bead protein detection offers a viable path to the
most sensitive immunoassays possible.

In general, the kinetic model and experimental data
supporting it indicated the importance of the kinetic
properties of the capture antibody in these assays. Capture
antibodies must have high enough on-rates to kinetically
overcome the use of low bead numbers that drive down

Table 2 Fold increase in AEB going from 500000 to 5000 capture beads as a function of the on- and off-rates of the capture antibody-protein
interaction as per the biomolecular association model described in ref. 51 and 54. The calculations assumed 274 000 antibodies per bead, and beads
incubated with 0.1 mL of sample for 10 000 s at a protein concentration of 0.1 fM. Increases in AEB that approach the maximum theoretically possible
(100-fold) are highlighted in bold text. The combinations of k., and k¢ of equal affinity equal to K4 ~ 0.1 nM are italic

Kotz (™)
3.1x107° 31x107° 31x10" 31x107° 3.1x10° 31x107 31x10°
2.7 x 10 1.0 1.0 1.0 1.0 1.0 1.0 1.0
2.7 x 10° 1.0 1.0 1.0 1.0 1.0 1.0 1.0
2.7 x 10 1.0 1.0 1.2 1.3 1.3 1.3 1.3
kon M s 2.7 x 10° 1.0 1.2 2.8 5.3 5.8 5.9 5.9
2.7 x 10° 1.2 2.9 16.7 39.9 44.9 45.5 45.5
2.7 x 10’ 2.9 17.1 66.3 95.0 99.3 99.7 99.8
2.7 x 10° 17.1 66.3 95.2 99.5 99.9 100.0 100.0
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antibody concentration while increasing the slope of the
assay signal, whereas detection antibodies can be incubated
at high concentrations to overcome kinetic deficiencies, if
they do not add excessive backgrounds to the assays.
Tables 1 and 2 illustrate how the on- and off-rates of the
binding of the protein to the capture antibodies can affect
both the capture efficiency of the protein and the expected
benefit going to lower bead assays, respectively.

A different perspective was provided by Dinh et al.®** who
tested 6 different variable region, heavy-chain antibody
binding domains (VHHs) to botulinum neurotoxin - for
which they measured on- and off-rates — as both capture and
detection reagents in digital ELISA. They identified the off-
rate of the detection antibodies as a key determinant of assay
sensitivity. The on-rates of the capture antibodies were not an
important factor in sensitivities for these reagents, likely
because the k,, varied by less than 1 log across the 6 capture
molecules, whereas ko¢ values spanned more than 3 logs.
Clearly, further studies of how binding affinities affect ALB
are needed to give a holistic understanding of how the
sensitivity of DBA can be optimized.

The importance of the binding reagents on the
performance of the digital bead assays has led to efforts to
engineer their properties. Aptamers—nucleic acids that are
selected from libraries to bind to specific proteins—have
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been used in DBA, although so far they have only performed
well as detection reagents and not as capture reagents.”®®*
The reasons for the limitations of aptamers as capture
reagents is not clear, although it may be due to differences in
the kinetic properties of these reagents or how they present
on the capture substrate compared to antibodies.

The DBA concept has been applied to single molecule
counting of different types of molecules, including different
classes of proteins, by changing the capture and detection
reagents. For example, the detection of serological antibodies
was enabled by using antigens as the capture reagents on
beads. An impressive demonstration of this capability was
provided by Norman et al.*® who immobilized 4 viral antigens
from SARS-CoV-2 onto 4 different dye-encoded beads, and
used multiple different anti-isotype detection reagents to IgG,
IgM, and IgA to serologically profile the blood of COVID-19
patients. These researchers also combined serological and
viral antigen detection in a single assay.*® By formatting
competitive assays in the digital format, it is possible to
detect small molecules using DBA,*” although as the number
of enzymes per bead increases with decreasing
concentrations of target analyte in a competitive assay, the
sensitivity benefits of digital counting are not obvious. Going
beyond the boundaries of immunoassays, nucleic acids can
also be detected with PCR level sensitivity using nucleic acids
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flow detection on a mobile phone of beads in water-in-oil droplets (ref. 59). D) Miniaturized assay processing based on DMF (ref. 81). Figures

reproduced with permissions.

830 | Lab Chip, 2023, 23, 818-847

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2lc00783e

Published on 10 January 2023. Downloaded on 6/21/2026 9:16:37 PM.

Lab on a Chip

as capture and detection reagents.**°° The Walt lab
developed a multiplex DBA that combined digital detection
of a protein, a small molecule, and a nucleic acid (Fig. 5).”*

3.5 Integration of assay steps with single label counting

An important aspect of DBA that is not often described in
detail is the process for performing the capture and labeling
steps (panels 1-2 in Fig. 1) prior to detection of the beads. If
these assay steps are not performed correctly, the assays may
have high backgrounds and will likely be imprecise: the
benefits of single label counting will be lost, and the assays
will not be sensitive. The nature of DBA and their high
sensitivity place more exacting demands on the systems that
perform the assay steps compared to those used for
performing traditional, analog immunoassays of lower
sensitivity. The systems that perform the assay steps must be
designed to achieve three specific goals: 1) efficient
dispersion of beads into the total volume of the sample or
reagent; 2) low residual volumes after the sample or reagent
are removed; and, 3) low bead loss.

Efficient dispersion of beads is important so that the
beads are evenly distributed throughout the liquid and
molecules distribute over the beads according to Poisson
statistics. Incomplete or inconsistent dispersion of beads can
lead to non-Poisson distribution of molecules over the beads,
subpopulations of bead signals, and imprecise results. Bead
dispersion is typically achieved using active agitation of the
sample-bead mixture, e.g., using an orbital shaker for
microtiter plates®*° or a customized shaker.’® Low residual
volume (<2 pL from an initial 100 pL) is particularly
important after the final labeling step, as the concentration
of labels is reduced by serial dilution of multiple wash steps.
High residual volumes would result in insufficient dilution of
the label and elevated background signals from free enzymes
trapped in beaded microwells. Low residual volumes have
been achieved by using needles to aspirate the supernatant
liquid from tapered cuvettes or wells.>**° Bead loss at each
pelleting-aspiration step of the assay must be <1% for the
cumulative bead loss to be <10%. If bead loss during the
assay steps exceeds this value, then there may be insufficient
beads for a quantitative measurement. For the most sensitive
assays based on using very low numbers of beads,>"®
minimizing bead loss becomes even more critical to maintain
sufficient number of beads and positive beads. These
methods were based on approaches that yielded high bead
read efficiencies (~50%).

In general, there are three approaches to performing the
assay steps: manual pipetting, robotic pipetting systems and
washers, and microfluidics (Fig. 6); systems often combine 2
or 3 of these approaches. We have reported a fully automated
system for performing digital ELISA that was based on
robotic pipetting and customized equipment for washer and
shaking the beads (Fig. 6B).>° This approach included a
microfluidic consumable for the delivery of beads to the
arrays of microwells that could be integrated into the
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automated robotic system.>® By requiring minimal manual
involvement in the assays steps, this system was able to
achieve high sensitivity and precise assays, and a samples-in/
results-out workflow for the user. The precise timing of each
step in the assay also minimized imprecision in AEB caused
by  dissociation of  detection antibodies from
immunocomplexes.”® Full automation using pipettors
resulted in this instrument being relatively large and floor-
standing. Chiba et al®® recently reported a desktop fully-
automated analyzer for performing Simoa assays using a
pipettor-based system for bead incubation and washing, and
microwell arrays in COP; this system was used to measure
antigen from SARS-CoV-2 in nasopharyngeal swabs. A more
flexible automation approach was reported that separated the
instrumentation that performed the assay and bead detection
steps (Fig. 6A).°*°° Beads, samples, and reagents were
manually pipetted into 96-well microtiter plates, beads were
resuspended by shaking the plates on an orbital shaker, and
beads were washed using a dedicated 96-well plate washer
modified with a customized magnet. As a result, the bead
imager could fit on a benchtop. The system was designed to
make the assay results robust to user variability in the
manual pipetting steps, but the inclusion of manual steps
does increase the potential for more variation in timing
compared to an automated system.

Microfluidics offers a path to fully automated DBA in
much smaller, lower cost equipment. These approaches will
likely be necessary for DBA to achieve widespread adoption
outside of clinical and research laboratories. The most
impressive demonstration of the potential of integrating DBA
with microfluidics was provided by the Issadore group
(Fig. 6C).>° They demonstrated a system that performed the
assay steps and bead detection steps in a single microfluidic
device. The assay steps were performed in a bead processor
based on a semi-permeable membrane, beads were then
isolated in substrate-in-oil droplets, and the droplets were
imaged in a flow channel by a mobile phone imager as
described above. Using this device, they achieved
subfemtomolar LODs that matched the sensitivity of the
commercial assays performed on the floor-standing unit.
This group has since used this technology to detect single
extracellular vesicles by capturing them on magnetic beads
via their surface antigens.”®> The Lammertyn group have
focused on the use of electrowetting-on-dielectric (EWOD)
techniques for automating the steps of DBA in digital
microfluidic (DMF) devices.”*' EWOD has been used previously
to automate analog bead-based immunoassays,”**> as well as
other analytical methods such as PCR and NGS sample prep.
Lammertyn et al.”® have used EWOD combined with magnets
to load beads into arrays of HIH microwells and demonstrate
digital ELISA. Recently, this group reported an integrated
DMF-Simoa device that allowed the assay steps and detection
process to be performed in a semi-automated fashion
(Fig. 6D).%" They used this system and the high sensitivity of
DBA to demonstrate an assay for thyroid stimulating
hormone (TSH) that was fast (5 min sample incubation) and
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Table 3 Summary of the approaches taken to solve the 3 main technical challenges in developing digital protein detection methods. lllustrative
references are provided for each approach; the main text contains more comprehensive references

Discrimination of single labels

Spatial isolation of labels

Detection of many single labels

Enzymes confined in wells® or droplets”®
Amplification of nucleic acid labels in droplets®*
Labels directly associated with beads®”®?
Nanoparticles®*'%

DNA nanostructures*?’

Laser induced fluorescence of bound labels®
Laser induced fluorescence of released labels*?
Particle motion*'**?°

Differential kinetics of specifically bound labels
Nanopore blockade'*

Nanopore translocation'*’

Microbubbles®”

Diamond nitrogen vacancy centers'*!

123

used a small sample volume (1.1 pL) to demonstrate the
potential of DBA for point-of-care applications. The digital
assay for TSH was twice as sensitive as the corresponding
Abbott ARCHITECT assay despite using 135-fold less sample
volume.

An important consideration for manual, robotic, and
microfluidic approaches is the pre-analytical treatment of
samples, often called “sample prep”. Stated simply, DBA
works well if the target proteins are in solution and largely
free of particulates. Particulates tend to cause beads to
aggregate and interfere with protein capture and labeling
steps, so they need to be removed. For example, serum and
plasma samples are wusually centrifuged to
particulates before beads are added. Apart from centrifuging
or filtering out particulates and dilution in buffer, DBA
requires little sample preparation compared to PCR, for
example, that requires the nucleic acid to be purified from
the sample. So, for example, toxins from C. diff. bacteria
have been detected using digital ELISA simply by diluting
stool 20-fold in an extraction buffer and filtering to remove
all solid matter.”®

remove

4. Emerging approaches to digital
protein detection

Besides DBA, there have been many recent innovations in
the measurement of proteins based on single molecule
detection. These innovations often result from solving three
technical challenges: discrimination of single labels with
high SNR; spatial isolation of the labeled proteins; and
detection of large numbers of single labels. Table 3
highlights different approaches developed to overcome these
challenges by the methods described in this section. The
methods developed can be classified into 5 categories
(Fig. 7) that we describe in turn: digital counting of nucleic
acid labels, single nanoparticle labels, use of nanopore
arrays, exploiting the kinetics of single binding events, and
other methods.
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Microwell arrays
Arrays of droplets”’

Flow of droplets®

Random dispersed arrays®
Nanopore arrays'>®

Flow cytometry®’
Nanostructured surfaces'*”

35,140 Wide FOV, high resolution multi-wavelength imaging®

Flow combined with laser-induced fluorescence®?
Electrical >

Wide FOV plasmonic imaging'®*

Scatter imaging'"®

Coincidence detection'"?

Time-resolved fluorescence (TIRF) microscopy’”
Mass spectrometry’*>

Transmission electron microscopy'*®

Surface plasmon imaging'*?

4.1 Digital counting of nucleic acid labels

As mentioned in section 2, a common approach to improving
the sensitivity of immunoassays has been to label detection
antibodies with a nucleic acid and detect the products of the
amplified labels, using methods such as immuno-PCR, PLA,
and immuno-RCA; some of these approaches have been
digitized. The original developers of PLA digitized the
method to improve the precision of the assay over the
conventional readout of the ligation product.** They formed
immunocomplexes on magnetic beads, with 2 detection
antibodies providing the pair of nucleic acids for ligation.
The ligation product was released from the beads,
circularized, and amplified using RCA. The resulting
concatemers were labeled with fluorescent probes, and RCA
concatemers were counted in a microfluidic flow channel
using  laser-induced  fluorescence  detection.  They
demonstrated an assay for IL-6 with an LOD of 5 fM and an
average coefficient of variation (CV) of 7% compared to 18%
for the conventional PCR readout method, a promising
advance that addresses the imprecision of analog PLA. The
Tay group®”®® have also reported a digital PLA method that
they used to detect proteins from single cells (Fig. 7A). They
lysed mammalian cells and performed PLA in solution using
two nucleic acid-labeled antibodies. After digestion of the
proteins, the double-stranded ligated DNA was distributed
over 20000 water-in-oil droplets and droplet digital PCR
performed in a commercial microfluidic device to quantify
the amount of label. Using this method, they achieved
femtomolar LODs for 3 different proteins. These authors
improved the sensitivity of the method 55-fold by developing
a microfluidic device for manipulating single cells and
performing digital PCR that reduced the dilution needed for
handling of the sample in the original microtiter plate
assay.”® Byrnes et al. ' have also reported a digital droplet
immunoassay based on PLA readout in polydisperse droplets,
and used it to develop a wash-free assay for IL-8 with
picomolar detection limits. Schroder et al.'®" have digitized
immuno-PCR using water-in-oil microdroplets, calling it
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Fig. 7 Examples of emerging methods for digital detection of proteins. A) Digital readout of nucleic acid labels (ref. 98). B) Nanoparticle labels
(ref. 104). C) Nanopore detection (ref. 125). D) Exploiting the kinetics of binding of single labels (ref. 131). Figures reproduced with permissions.

digital droplet immuno-PCR (ddIPCR). They formed
oligonucleotide-labeled immunocomplexes at the surface of
an ELISA plate, chemically released the label from the
surface, partitioned the labels into droplets using a
commercial droplet generator, performed PCR on the
droplets, and then analyzed the on/off status of the droplets
using a commercial droplet reader. By digitizing the assay,
they demonstrated an average CV of 5% for ddIPCR assays
for IL-2 and IL-6.

4.2 Single nanoparticle labels

Many of the early attempts at single label counting for
protein detection were based on nanoparticles, and this
approach has continued to be extensively explored. Farka
et al.*®® have provided a comprehensive review of all the
different types of nanoparticles used in immunoassays.

The Unlii group developed an immunoassay based on
counting individual gold nanoparticles (AuNPs).'®® In this
method, capture antibodies immobilized on a
functionalized silicon dioxide surface and proteins were
captured from undiluted serum or whole blood. 40 nm
AuNPs were functionalized with detection antibodies that
bound to the captured proteins. Scatter from individual AuNP
labels was measured using interferometric reflectance
imaging sensor (IRIS)—a method that has the potential for
wide FOV, low-cost imaging of single nanoparticle labels—
and they demonstrated femtomolar LODs for B-lactoglobulin.
As for other surface-based counting methods, the labels must

were
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be spatially separated to enable counting of single labels. As
a result, very wide FOV are needed for sensitive detection,
and these authors provided an analysis of LOD as a function
of sensor area. Subsequently, this group improved this
approach to allow scanning of wider FOV using IRIS and
used gold nanorods to enable counting of single labels in
protein microarrays (Fig. 7B).'%* Jing et al.'% used plasmonic
imaging to detect single AuNPs in immunocomplexes formed
at  functionalized gold-coated glass surfaces, and
demonstrated a digital immunoassay for procalcitonin. This
imaging method was able to track the binding and
unbinding of individual particles. These authors extended
the method by generating gradients in signal as the sample
flowed over the capture surface in a microfluidic channel.'*®
This gradient approach allowed the authors to actively correct
for assay background within each sample, and they
demonstrated an assay for troponin with an LOD of 6 pg
mL™", comparable to clinical high sensitivity assays.
Belushkin et al.*®” used a similar approach and plasmonic
hole arrays to count individual AuNP labels using a portable
plasmonic imager. Cunningham and co-workers developed a
method based on AuNPs coated in capture antibodies that—
after binding to the protein target—form a sandwich
immunocomplex with secondary antibodies immobilized on
a plasmonic crystal biosensor.'®® Optical coupling of the
plasmon resonance of bound AuNP with the resonance of the
plasmonic crystal quenches the resonance reflection of the
sensor, so individual particles could be counted. They
integrated the detection scheme into a microfluidic device
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for capture and digital counting of the AuNP labels, and were
able to detect p24 in serum down to 40 fM,"*® and to detect
antibodies to SARS-CoV-2 in the blood of COVID-19
patients.'” Gao et al.''® used plasmonic imaging to detect
single silver nanocube labels in a microfluidic integrated
device, and used machine learning to analyze images to
profile cytokine storm in COVID-19 patients.

As well as methods based on scatter of nanoparticles,
other more complex optical techniques have been used to
detect single nanoparticles in immunocomplexes. Nie and co-
workers used single-molecule coincidence fluorescence
detection to demonstrate a homogeneous immunoassay
based on 40 nm fluorescent nanoparticle and quantum dot
labels.""" Liu et al."** also made use of two antibodies labeled
with quantum dots, and detected the dimers formed by
sandwich immunocomplexes using transmission electron
microscopy. They extended this approach to enable
homogeneous assays where coincidence detection of AuNPs
modified with detection antibodies and quantum dots
modified with capture antibodies were detected using dark-
field and fluorescence microscopy, respectively.''® Gite
et al."** developed a digital immunoassay where one antibody
was modified with 500 nm fluorescent particles and the other
antibody was modified with a magnetic particle. After the
formation of sandwich immunocomplexes in solution, the
complexes were pulled down to a surface using a magnet and
the individual fluorescent particles counted using a wide FOV
imager. Using this method, they demonstrated an assay for
Toxin B from C. diff. with an LOD of 45 pg mL ™.

Gorris and co-workers have pioneered the use of photon up
conversion nanoparticles (UCNPs) as single molecule labels for
digital assays at planar surfaces. UCNPs are lanthanide-doped
nanocrystals that are excited by near-IR wavelengths and emit
in the visible spectrum. As a result, these labels have lower
optical backgrounds than fluorescent labels, improving the
signal-to-noise ratio needed to measure single labels. These
workers demonstrated a digitized immunoassay for PSA assay
with an LOD of 42 fM based on imaging UCNP-labeled
detection antibodies at the surface of a polystyrene microtiter
plate.'” They subsequently improved the sensitivity of the
assay to 0.8 fM by labeling a biotinylated detection antibody
with a streptavidin-UCNP conjugate that was modified to
reduce non-specific binding."'® One significant downside to
the use of UCNPs is the high excitation energies needed for the
multiphoton up conversion process. High energy light sources
typically increase the size and cost of instrumentation, and
limit the FOV of labels imaged.

In additional to conventional optical detection of
nanoparticles, the kinetics of motion of nanoparticles has been
used as the signal transduction method for digital assays."'”"*'®
Tekin et al.™* patterned arrays of antibody-functionalized 1 um
magnetic beads on a surface. Larger (2.8 um) magnetic beads
coated in a second antibody were mixed with sample in a
microfluidic device, and then flowed over the array of smaller
beads. The larger beads associated with protein could overcome
the drag forces and remained bound to the smaller beads; those
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beads without sufficient target molecules did not bind as
strongly and were washed from the surface. Detection was
performed by scatter images to determine the number of bound
large beads. An LOD for TNF-a. of 6 fM was reported, although
the slope of the signal response was low and the CVs high. In a
similar approach, Akama et al'®® first captured proteins on
antibody-coated magnetic nanoparticles and delivered them to
arrays of femtoliter wells functionalized with a second antibody.
They used bright-field imaging of the nanoparticles to observe
their Brownian motion. Based on the mean square displacement
(MSD) analysis, they were able to identify beads bound via
immunocomplex from those not bound. They developed an
assay for PSA with an LOD of 5 fM, and subsequently improved
the sensitivity of the method by normalizing the MSD to bead
fluorescence'*" and demonstrated a multiplex assay.'** Recently,
Zeng et al.'> used magnetic and electrical forces to accelerate
the transport of antibody-coated particles to the capture surface,
and have provided a theoretical model for these
measurements.** They measured the interaction lifetimes of
the particles with the surface using surface plasmon resonance
imaging, and were able to distinguish specifically bound
particles from those binding non-specifically.

4.3 Nanopore detection

The detection of DNA molecules passing through nanopores
has received significant attention for sequencing. Nanopores
have also been used to detect single protein molecules,
although quantification of low concentrations of proteins by
this method has been hampered by the globular nature of
proteins making nanopore selectivity for specific proteins a
challenge, and long process times for sufficient numbers of
proteins to translocate through the nanopores. Gooding and
co-workers elegantly addressed these challenges by
developing a nanopore blockade sensor for detecting large
numbers of individual proteins (Fig. 7C)."*>'*® In this
approach, magnetic nanoparticles were modified with an
antibody to PSA and used to efficiently capture the target
protein from a sample. After washing, the nanoparticles were
delivered via a flow cell to a solid-state nanopore array in a
SiN membrane modified with a second antibody to PSA. The
particles blocked the nanopores giving rise to a positive
signal, and specificity to target-bound particles was achieved
using a counter magnetic force: particles that did not form a
sandwich complex with the antibody in the nanopore were
ejected by magnetic force; particles bound via
immunocomplex to the nanopore were not ejected. This
assay had an LOD of 0.8 fM PSA. He et al.’*” also used solid-
state nanopores to develop a digital immunoassay for thyroid
stimulating hormone (TSH). These authors did not directly
detect the bound protein, but instead formed a sandwich on
magnetic beads using an oligonucleotide-labeled detection
antibody. The ssDNA was released using UV light and used to
catalyze the formation of DNA nanostructure dumbbells from
DNA probes. These solutions were then analyzed by
translocation through solid-state nanopores with the current
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change associated with a probe assigned “0” and with a
dumbbell assigned “1”.

4.4 Exploiting the kinetics of binding of single labels

Several groups have used the kinetic properties of measuring
single labels to enhance the performance of immunoassays.
Kurabayashi and co-workers have adapted DBA to use the
high sensitivity of digital detection to enable faster
measurements of higher abundance markers.’****° In this
approach—which they call pre-equilibrium digital ELISA
(PEdELISA)—capture beads were pre-loaded into arrays of
microwells rather than dispersed throughout the sample. A
mixture of sample and detection antibodies, SA-HRP, and a
chemifluorescent substrate to HRP were sequentially flowed
over the arrays to form digitized immunocomplexes, the
arrays were sealed with oil, and fluorescently imaged. The
images generated were analyzed using machine learning
methods™®  to yield the average number of
immunocomplexes per bead as for DBA. Rather than make
use of single molecule detection to make the most sensitive
assays, these authors used the high sensitivity to reach
detectable signals from higher abundance markers more
rapidly. They have used this approach to detect a 4-plex of
cytokines in the serum of COVID-19 patients undergoing
cytokine storm,'*® and CAR-T patients experiencing cytokine
release syndrome.'® Ismagilov and co-workers have also
made use of flow of sample over pre-formed beads-in-
microwell arrays arranged in microchannels to exploit
Brownian trapping effects in these assays (Fig. 7D)."*' The
concentration dependence of Brownian trapping along the
length of the bead array effectively converted the temporal
variation of signal on the beads to a spatial distribution,
allowing the authors to maintain high sensitivity of DBA with
an increased dynamic range.

The difference in dissociation kinetics of specifically
bound and non-specifically bound single labels has been
exploited to lower the background of these assays in a
method called single-molecule recognition through
equilibrium Poisson sampling (SiMREPS)."*>'** In SiMREPS,
the binding of a fluorescently labeled detection antibody
fragment to the surface is measured using TIRF microscopy.
The kinetic profile of fluorescent signals from labels that
specifically bind to a protein analyte specifically bound to a
capture antibody differ from those non-specifically bound to
the surface, allowing better discrimination of specific binding
and lower assay backgrounds. As mentioned above the
combination of single label sensitivity and reduction in
backgrounds are the key features of the most sensitive
immunoassays, and SiMREPS is designed to achieve both.
The authors used the method to develop assays for several
proteins with LODs at low femtomolar and subfemtomolar
concentrations, and allowed them to quantify TNF-a. in 2 pL
of sample from patients undergoing CAR-T therapy.*” A
similar approach has been reported by Zeng et al.'** who also
used the differential kinetics of labels bound specifically and
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non-specifically at a surface to improve the specificity of
single molecule protein detection. Nanoparticle label tracking
has also been used to improve the discrimination of
specifically bound target molecules as described
above'1197121,123

4.5 Other approaches

Outside of these 4 specific categories, other methods have
been developed to enable single molecule detection of
proteins for quantitative assays. In one approach, the
enhanced optical fields generated by nanostructures, such as
microtoroid resonators™* and nanoneedles,'*® can enable
single molecule detection. For example, Liang et al.'*® have
reported a method for detecting p-tau captured on arrays of
nanoneedles based on Poisson distribution analysis of
enzyme labels bound to individual binding sites as described
previously.*>'?® In this approach, individual
immunocomplexes were labeled with HRP and precipitation
of an insoluble product of the enzyme-substrate reaction
changed the refractive index of the associated nanoneedle.
Dark field imaging of the nanoneedle array was used to
determine the fraction of “on” needles and to quantify
concentration. Wang and co-workers have used the
microbubbles generated in the presence of hydrogen
peroxide by single platinum nanoparticles (PtNP) labels
associated with immunocomplexes on beads.”*”"*® 1In
principle, this assay could have been quantified using
Poisson statistics as for DBA, but the authors chose to use
imaging on a smart phone to count the number of bubbles
and their total area. This approach enabled them to
demonstrate assays for PSA and SARS-CoV-2 antigen with
LODs of 2.1 fM and 10.6 fM, respectively.

Some groups have taken a similar approach as Simoa
based on trapping enzymes in microwell arrays, but instead
of forming the immunocomplexes on beads they are formed
on planar capture surfaces. For example, Wang et al.**® and
Piraino et al' have used pneumatic sealing of PDMS
microwell arrays against glass surfaces in integrated
microfluidic devices to digitize immunocomplexes formed on
planar surfaces. Atallah et al.'*' reported the detection of
single immunocomplexes using diamond nitrogen vacancy
centers, where two different magnetic bead labels on the
antibodies that respond differently to the magnetic field can,
therefore, make use of coincidence optical detection. They
used this approach to develop an assay for IL-6 with an LOD
of 2 fM to measure the protein in the serum of COVID-19
patients. Two recent publications have wused mass
spectrometry to count single labels in bead-based
immunoassays, one approach based on TSA' and one using
gold and silver nanoparticles.'*?

4.6 Characteristics of robust, sensitive digital protein
detection methods

Many of these innovative digital detection methods overcome
the 3 technical challenges highlighted above, i.e., they enable
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detection of large numbers of spatially isolated single labels
of proteins. The practical application of these innovations as
robust methods for detecting very low concentrations of
proteins depends, however, on them also achieving several
other important characteristics:

1) Assay response—how signal varies with concentration
of protein—must have a high signal-to-background ratio to
enable precise sensitive detection. It is not sufficient to
simply detect single labeled proteins. This requirement
means that the assay must have a high slope (log increases
in concentration must result in log increases in signal) and
low backgrounds. High slope is achieved by highly efficient
capture and labeling of proteins driven by high
concentrations of high affinity capture antibodies. Low
backgrounds are achieved by low non-specific binding
between the labeling reagents and capture molecules and—in
the case of heterogenous assays—the binding surfaces being
effectively washed. Methods that have low capture
efficiencies, low slopes, and high backgrounds will not result
in sensitive assays even if they are able to count single labels.
The use of beads in digital assays generally provides high
slope (resulting from efficient capture from high
concentrations of antibodies distributed throughout the
sample) and low backgrounds (from washing). Methods
based on planar substrates can achieve high sensitivity, but
efficiencies are limited by transport of proteins to the
surfaces and there are greater challenges in washing to
minimize backgrounds. Homogenous assays can also achieve
high slopes and low backgrounds, but can be prone to
interference from non-specific binding of components in the
sample as washing is not used.

2) The reagents, consumables, and instrumentation used
must be stable, low cost, and low complexity. Methods based
on homogeneous amplification of nucleic acids are
particularly attractive from this standpoint as they are based
on well-established reagents and instrumentation from
molecular diagnostics, and have a simple “mix-and-read”
assay workflow. Nanoparticle detection based on scattering is
attractive in terms of simplifying the detection technology
using low-cost imaging.

3) The assay processing steps before single label detection
must be simple and precise. This aspect of developing digital
protein assays is often overlooked, as researchers focus on
the challenges of detecting singulated labels in the first
place. If the assay steps are not done with precision or high
efficiency then the benefits from counting single labels will
be lost in high noise and low assay slope. Methods that use
existing approaches to the assay processing steps or have
developed new approaches are attractive in this respect.

4) Labels must be free to diffuse and bind to proteins
evenly and reproducibly. Biological labels, such as enzymes,
diffuse freely and consistently label proteins. For methods
based on larger, non-biological labels, such as engineered
particles, more care needs to be taken to ensure that the
labels are well dispersed and able to bind homogeneously to
proteins.
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5. Impact of digital protein detection

The advent of digital protein detection and the consequent
increases in the sensitivity of immunoassays has resulted in
unique measurements in biomedicine that provide a path to
significant benefits to society. While the field is still nascent,
the “unmitigated good” of more sensitivity to proteins will
clearly continue to result from new diagnostic measurements
that were not possible previously. Digital protein detection
has, for examples, enabled:® the detection of
neurodegeneration years before symptoms of Alzheimer's
Disease arise;'** detection of damage to cardiac tissue in
subclinical populations;'*®> the more specific diagnosis of
deadly infectious diseases than possible with nucleic acid
detection by measuring proteins from active viruses and
bacteria;*>***'*” and, the ability to predict years before
current methods those cancer patients in remission whose
cancer will recur."*® Given the burgeoning literature of using
digital protein detection—DBA in particular—for clinical and
diagnostic measurements,” it is not possible to provide
comprehensive coverage of these new clinical applications
within this technology review. Instead, we will highlight three
key aspects of applying digital protein detection that have
combined to result in high impact applications in
biomedicine. These perspectives may provide guidance for
researchers developing new analytical methods based on
detection of single protein molecules.

5.1 Development of customized digital proteins assays
(“homebrew™)

Once a sensitive digital detection technology has been
developed, a common roadblock to its adoption is the
challenge of developing a wide range of assays to enable
researchers to explore a breadth of clinical applications. The
success of PCR can be attributed partly to the relative ease
with which biological researchers can develop their own
assays, as well as the exquisite sensitivity of the method.
Similarly, a critical aspect to the adoption of digital protein
methods has been the ability of clinical researchers to
develop their own highly sensitive assays based on their own
(often proprietary) binding reagents that are tailored to their
specific clinical application and sample type. We call this
type of custom assay development “homebrew”, and it
unlocks the creativity of clinicians, biologists, and chemists
to develop their own unique “apps” based on digital protein
detection. DBA provides a convenient way for researchers to
develop homebrew assays as the protocols to conjugate
capture antibodies to beads and to biotinylate detection
antibodies are straightforward and can be performed in bulk
outside of the devices."*® Once proof of principle of DBA has
been performed using homebrew methods, it often results in
the development of more analytically validated kits that can
be used for clinical validation and use. Digital detection
methods that are “closed” or provide significant technical
challenges to custom assay development will make it difficult
to explore broad clinical applications.
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Researchers at Genentech have described the methods
and challenges associated with DBA homebrew, and used it
to develop an assay for IL-13, a biomarker and therapeutic
target in asthma and COPD." They compared the
performance of their homebrew DBA for IL-13 with a
corresponding commercial kit and a third protein detection
platform. One particularly noteworthy application of DBA
that was catalyzed by homebrew was the detection of
neurofilament light (NfL) in blood by Kuhle and co-
workers,**® whose impact will be described in more detail
below. A common use of homebrew is to enable assay
development on sample types of clinical interest that pose
significant analytical challenges where the flexibility of
customized assay development can be critical to enable
quantitative measurements. For example, Gopfert and co-
workers developed a DBA assay for measuring VEGF-A in
aqueous humor from the eyes of human subjects.”" They
used the greater sensitivity of this digital assay to measure
reductions in the concentration of VEGF in the ocular fluid
caused by administration of a therapeutic antibody that
targets this growth factor; conventional bead immunoassays
were not able to detect these reductions. The sensitivity of
homebrew DBA has also been used to measure proteins in
other challenging samples where protein concentrations and
sample volumes may be low, such as breath condensate,'**
sweat,"”>® saliva,"® and stool.”® Another application of
homebrew has been to detect the proteins in single cells,
where the number of proteins expressed when single cells are
lysed in microliter volumes are within the sensitivity of
digital protein assays.'>>*°*147

5.2 Applications in clinical translation

Digital protein detection has had its greatest initial impact in
the translation of known biomarkers into clinical use, as
opposed to the discovery of potential new biomarkers early in
research. Clinical translation of biomarkers requires
measurements with high precision and accuracy (as well as
high sensitivity) of relatively few proteins in many samples,
corresponding to the sweet spot of digital detection. A
requirement for these measurements, therefore, is the
availability of high-quality antibody pairs. In contrast, de novo
discovery of biomarkers requires qualitative or semi-
quantitative measurements of large number of proteins in
small numbers of samples. Methods based on mass
spectrometry (that does not require antibodies)"®” or
immunoassay platforms based on large libraries of binding
reagents (for example, aptamers'*® or antibodies labeled with
nucleic acids'®®) are better suited for biomarker discovery
measurements.

A good example of the application of DBA in clinical
translation is in the measurement of neurological biomarkers
in blood, described in detail below. Another widespread
application has been in mid- to late-stage clinical trials of
therapeutics, especially antibodies therapeutics where the
target molecule is usually a protein. These measurements

This journal is © The Royal Society of Chemistry 2023
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need high precision and accuracy, especially to quantitatively
measure the effect of the candidate therapeutic on the
concentration of the target protein in a physiological fluid.
The natural progression of these applications in clinical
translation and pharmaceutical clinical trials is for these
markers to become diagnostic tests, as has started to happen
in Alzheimer's disease and viral and serology tests for
COVID-109.

5.3 Measurement of neurological markers in blood

The greatest impact of digital protein detection so far has
been in neurology. Clinical chemists had discovered
promising biomarkers in cerebral spinal fluid (CSF)—such as
tau, amyloid peptides, and neurofilaments—that made the
diagnosis of diseases such as AD and multiple sclerosis (MS)
possible.'® The field of neurological diagnosis was, however,
limited by a lack of sufficiently sensitive methods to measure
these critical biological molecules in readily accessible samples
from humans. In short, there were no blood tests for the
brain. As a result, diagnoses of diseases such as AD were
based on magnetic resonance imaging of tracers in brains
(expensive and difficult to scale), the measurement of the
biomarkers in CSF (difficult sample collection), or,
unfortunately, post-mortem examination of patients' brains.
The large increase in sensitivity of DBA offered clinical
researchers in neurology the ability to measure diagnostic
biomarkers in blood. Henrik Zetterberg and Kaj Blennow—
neurological clinical researchers in Sweden—Ilit the touch
paper when they used Simoa to measure tau'®" and Ap-42
(ref. 162) in the blood of patients who had undergone
neurological damage after hypoxia. With collaborators, they
subsequently used the homebrew approach to develop blood-
based digital immunoassays for many neurological protein
biomarkers.'® Subsequent to these initial studies, the
neurology research community adopted DBA broadly for
measuring biomarkers such as phosphorylated tau, amyloid
peptides, neurofilament light (NfL), and a-synuclein in many
diseases and neurological conditions, such as AD, MS,
Parkinson's disease, and traumatic brain injury. The value of
these measurements was also quickly picked up by
pharmaceutical companies who had candidate therapeutics
in development that targeted the same molecules or
pathways. As a result, the sensitivity of digital detection was
able to create synergies between therapeutics and
diagnostics. In its most powerful application, the ability to
use digital assays to identify people early in
neurodegeneration  before symptoms arise’*  allows
therapeutics to be administered early enough so that they
can impact disease progression.'®*

This review cannot efficiently summarize the impact of
digital protein detection in neurology, but several excellent
reviews are available. For example, Thebault and co-workers
describe the biology of NfL and how digital immunoassays
have allowed it to become a general biomarker of
neurodegeneration akin to the use of troponin as a marker of
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cardiac damage.'®® They highlight the importance of DBA to
MS diagnosis and the development of therapeutics.
Zetterberg and Blennow describe how blood-based
biomarkers enabled by digital protein detection is
“democratizing” the diagnosis of AD by offering low-cost and
non-invasive testing for the first time.'®® These authors have
also reviewed the history of protein biomarkers for AD, and
how greater sensitivity enabled measurements in blood.'®®
Mielke et al'®” also review how the measurement of tau,
amyloid peptides, and NfL have impacted the understanding
of AD. The measurement of phosphorylated forms of tau
using digital protein detection has emerged as very specific
diagnostics of AD. Ding et al'®® have provided a meta-
analysis of clinical studies that measured p-tau-181 in AD
patients using DBA, and researchers at Eli Lilly and Janssen
have highlighted the potential of digital protein detection of
p-tau-217 to help diagnose AD and guide administration of
new therapies for AD.'® In summary, the ability of DBA to
enable these unique molecular measurements to diagnose
devastating diseases was catalyzed by assay sensitivity
allowing translation of discovery biomarkers to use as clinical
measurements, and the availability of a homebrew path to
unlock the creativity of clinical researchers.

6. The current state and future of
digital protein detection

In its first 20 years or so, digital detection of proteins has
shown promise as a path to highly sensitive immunoassays.
These assays have led to several unique clinical research and
diagnostic measurements, especially the measurement of
neurological markers in blood. It remains to be seen whether
digital detection will have the same impact on protein
diagnostics that PCR and NGS have had in diagnoses based
on detection of nucleic acids, but the outlook is promising.
Given the lack of methods for the direct molecular
amplification of proteins, the counting of single protein
molecules seems to be the front-runner in the race.
Approaches to next-generation protein sequencing'’® and
CRISPR-based detection of proteins'’' may provide
alternative approaches to highly sensitive protein detection,
although these methods may also benefit from single
molecule detection.

In terms of analytical performance, the single molecule
counting approach of DBA has achieved attomolar
sensitivities,”*®® with limits of detection down to about 10
protein molecules in a 200 pL sample, comparable to PCR for
nucleic acid detection.”® Theoretical models of DBA show
that this sensitivity can be achieved assuming favorable
binding affinities for the capture and detection
antibodies.’"**  Antibody engineering approaches will,
therefore, presumably be needed to achieve attomolar
sensitivity across all proteins, in the same way that scalable
synthesis of nucleic acids enabled the widespread adoption
of PCR and NGS.
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The main question for the future of digital protein
detection, therefore, seems to be whether these technologies
can be delivered in scalable formats that enable mass adoption
and maximize the impact on human health. Currently, the
commercial embodiments of digital protein detection require
large, complex, and expensive equipment, and the method has
been confined to specialized clinical and research settings. For
wider adoption, digital protein detection technologies need to
be developed into smaller, easier to use, and low-cost
equipment and consumables; we have described the first few
efforts in this direction.””®" The innovations in miniaturization
and microfluidics that might emerge from the “Lab-On-A-Chip”
community'’> would appear, therefore, to be a critical to the
ultimate impact of digital protein detection. These innovations
will need to encompass sample and reagent handling, optics,
consumable manufacturing, and system integration if digital
protein detection is to have the same impact on health that
technologies such as lateral flow and glucose sensing have had
in home testing and as wearables, respectively. Judging by the
rapid pace of progress in digital protein detection in the last 10
years, and the creativity of the LOC community, this dream
may be within reach.
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