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ABSTRACT: Many proteins are present at low concentrations
in biological samples, and therefore, techniques for ultra-
sensitive protein detection are necessary. To overcome
challenges with sensitivity, the digital enzyme-linked immuno-
sorbent assay (ELISA) was developed, which is 1000× more
sensitive than conventional ELISA and allows sub-femtomolar
protein detection. However, this sensitivity is still not sufficient
to measure many proteins in various biological samples, thereby
limiting our ability to detect and discover biomarkers. To
overcome this limitation, we developed droplet digital ELISA (ddELISA), a simple approach for detecting low protein levels
using digital ELISA and droplet microfluidics. ddELISA achieves maximal sensitivity by improving the sampling efficiency and
counting more target molecules. ddELISA can detect proteins in the low attomolar range and is up to 25-fold more sensitive
than digital ELISA using Single Molecule Arrays (Simoa), the current gold standard tool for ultrasensitive protein detection.
Using ddELISA, we measured the LINE1/ORF1 protein, a potential cancer biomarker that has not been previously measured
in serum. Additionally, due to the simplicity of our device design, ddELISA is promising for point-of-care applications. Thus,
ddELISA will facilitate the discovery of biomarkers that have never been measured before for various clinical applications.
KEYWORDS: single molecule, ultrasensitive detection, immunoassay, biomarkers, clinical diagnostics, droplet microfluidics

Proteins are important biomarkers for disease detection,
monitoring, and treatment.1−3 Many proteins are
present at low levels in biological samples, and

therefore, techniques for ultrasensitive protein detection are
necessary.4 To overcome limitations in sensitivity, the digital
enzyme-linked immunosorbent assay (ELISA) was developed,
which is 1000× more sensitive than conventional ELISA.5−10

Digital ELISA enabled detection and discovery of biomarkers
in the sub-femtomolar range.11 However, for many clinical
applications, this sensitivity is still not sufficient. Some
proteins, such as neurological proteins that are present at
low levels in the blood due to difficulty crossing the blood-
brain barrier12 and cancer biomarkers,13 are still unmeasurable
due to inadequate sensitivity. Furthermore, it is challenging to
detect many proteins in various other biological samples, such
as urine and saliva, due to limitations in sensitivity.
Ultrasensitive methods will also improve our ability to measure
other biomarkers, such as nucleic acids, which are present at
low levels in many biological samples.14 Thus, improving the
sensitivity of current detection methods will facilitate
biomarker discovery for clinical applications.

A major barrier to detecting low protein concentrations and
improving the sensitivity is low sampling of rare events. While
digital immunoassays have improved the sensitivity of
conventional analog-based immunoassays by counting single
target molecules, limited ability to sample and count a
sufficient number of target molecules leads to a compromise
in sensitivity. To illustrate this concept, a 10 aM sample has
∼600 molecules in 100 μL. Assuming perfect sampling
efficiency, the digital measurement would result in 600 positive
events. However, if the sampling efficiency is only 10%, the
digital measurement would result in 60 positive events. The
Poisson error is the square root of the number of measure-
ments obtained, therefore making more measurements results
in less uncertainty. Thus, improving the sampling efficiency
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and counting more molecules should lead to enhanced
sensitivity.
It is difficult to improve the sampling efficiency and to

increase the number of molecules that are counted. In digital
ELISA using Single Molecule Arrays (Simoa), the current gold
standard method for ultrasensitive detection, excess antibody-
coated beads compared to the number of target molecules are
used, such that most beads will not bind any target molecules
while a small percentage of beads will bind a single target
molecule. In this way, a single protein molecule is captured on
a bead. The protein is then labeled with an enzyme and the
beads are isolated into femtoliter sized wells such that each
well can only fit one bead. After the array is sealed with oil,
wells containing an enzyme-labeled immunocomplex generate
a locally high concentration of fluorescent product, enabling
single molecule detection by counting active wells. To ensure
maximal sensitivity, it is necessary to analyze many beads, and
in turn, positive events. However, it is challenging to isolate
beads and an external force is often used to facilitate bead
loading into the wells.15 In the Simoa HD-1 Analyzer, beads
are isolated inside wells via gravity.16 Yet, only ∼5% of the total
assay beads used are isolated and analyzed, leading to a
compromise in sensitivity.16 Improving the loading efficiency
of paramagnetic beads can be accomplished by applying a
magnetic force. Others have used an electric field and showed
improvements in bead loading;17 however, the implications on
immunocomplex formation and improvement of assay
sensitivity have largely not been investigated. Despite these
bead loading approaches, development of simple approaches
that can improve bead loading efficiency, and in turn also lead
to enhanced sensitivity, remains limited.
One simple approach to improve sampling of rare events is

by entrapping beads in water-in-oil droplets.18 Droplets are
advantageous for this application for several reasons. The first

is the ability to entrap a high percentage of the beads for
analysis with minimal bead loss, which can lead to high
sensitivity. The second is the simplicity of droplet generating
devices and the lack of a need for costly and complicated
ultrafine structures. The third is the ability to use a simple
optical setup for droplet imaging. Furthermore, droplet
generation is a very fast process, with an ability to easily
generate millions of droplets in a few minutes. These features
make droplet microfluidics advantageous for development of
highly sensitive digital assays. Droplet microfluidics assays have
been previously developed for various applications, including
droplet digital PCR,19,20 nucleic acid sequencing,21,22 and
single cell analysis.23,24 Droplet microfluidics assays have also
been developed for proteins, particularly for detecting secreted
molecules from single cells.25−27 Others have also used droplet
microfluidics to develop digital protein immunoassays,
however, have not demonstrated improved sensitivity over
the state-of-the art techniques for ultrasensitive protein
detection.28,29

Here, we developed an approach for ultrasensitive, single-
molecule detection of proteins using digital ELISA and droplet
microfluidics. This approach, which we refer to as droplet
digital ELISA (ddELISA), allows us to sample low numbers of
molecules, thereby reducing measurement uncertainty and
increasing sensitivity. Our approach demonstrates high
sensitivity in the low attomolar range, with improvements of
up to approximately 25-fold in sensitivity over Simoa, which is
the current gold-standard method for ultrasensitive protein
detection. Using ddELISA, we measured the LINE1/ORF1
protein, a potential cancer biomarker that has not been
previously measured in serum. Additionally, due to the
simplicity of our device design, ddELISA is promising for
point-of-care (POC) applications.

Figure 1. Single molecule protein detection using ddELISA. (A) Bead-based sandwich immunoassay. Here, 100,000 antibody-coated
paramagnetic beads are added to a sample containing target protein molecules. A biotinylated detection antibody and SβG are then added
and bind to the target protein molecule, forming an enzyme-labeled immunocomplex. Based on Poisson statistics, most of the beads will
have zero immunocomplexes and a small fraction will have one immunocomplex. (B) The beads are then reconstituted in 2 μL of enzyme
substrate. (C) The 2 μL mixture containing the beads and substrate is then partitioned into picoliter droplets. (D) The droplets are loaded
into a chamber, forming droplet arrays. (E) Images are obtained in three channels to identify the “on” droplets, the beads, and the droplets.
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RESULTS AND DISCUSSION

Single Molecule Detection of Proteins using ddELISA.
ddELISA is a bead-based digital immunoassay in which beads
are isolated in picoliter-sized droplets and then loaded into a
chamber, forming droplet arrays, for analysis (Figure 1). More
specifically, antibody coated paramagnetic beads are added to a
sample containing the target molecule (Figure 1A). The target
molecule is then labeled with a biotinylated detection antibody
and streptavidin-β-galactosidase (SβG), forming an enzyme-
labeled immunocomplex. The beads are then resuspended in a
small volume (2 μL) of substrate, fluorescein di-β-D-
galactopyranoside (FDG) (Figure 1B), and the mixture is
partitioned into picoliter droplets such that most droplets have
zero beads and a small percentage has one bead (Figure 1C).
The droplets are then loaded into a chamber in a monolayer to
form droplet arrays (Figure 1D). Images in three channels are
obtained to identify (i) the droplets, (ii) the beads, and (iii)
the fluorescent product and thus the “on droplets” (Figure 1E).
The signal output is measured using the unit of average
enzymes per bead (AEB).30

The assay setup is similar to that of the conventional
automated Simoa platform with three major differences. The
first is a reduction in the number of beads used. A conventional
Simoa uses 500,000 beads, while in ddELISA we use 100,000
beads. Reducing the number of beads can increase the signal,
since the “fraction on” ( fon) is the ratio of “on events” to the
total number of beads. A lower number of beads will result in a
higher fon, thereby leading to a higher signal. Additionally,
reducing the number of beads simplifies the assay and makes
ddELISA more amenable to POC. Reducing the number of
beads using a conventional microwell array is challenging and
leads to lower numbers of beads being available for analysis.31

The second is the digital readout system in which the beads are
trapped in picoliter droplets instead of femtoliter-sized wells.
The third is the use of FDG as the substrate instead of
resorufin β-D-galactopyranoside (RGP), which is used in the
conventional Simoa. We selected FDG due to its relatively high
stability in droplets.32 Other than these differences, the assay
format is similar to the conventional Simoa. By implementing
these changes, we sought to both improve the sensitivity of the
conventional Simoa and make it amenable to a POC format.

Figure 2. Theoretical calculations. (A) AEB at various concentrations using different numbers of beads. For a given concentration, as the
number of beads increases, the AEB decreases. (B) Digital measurement (number of positive events) at various concentrations when
different percentages of beads are analyzed. As the percentage of beads analyzed increases, so does the number of positive events. (C)
Theoretical LOD at different KD’s.

Figure 3. ddELISA device design. (A) The droplet generating device has two inlets, one for the oil with surfactant (1) and one for the beads
with substrate mixture (2). The outlet (3) is used to collect the droplets. The width of the channel at the junction is 9 μm, and the smallest
feature is 5 μm at the junction. The overall dimensions of the device are 4.5 mm × 7 mm. (B) The chamber for the droplet arrays contains
an inlet and an outlet. The blue panel shows the blocking posts, which are used to prevent droplets (diameter of 14 μm) from escaping. The
distance between two posts (6) is 7 μm. The green panel shows one of 132 subchambers. The post diameter (4) is 60 μm, and the spacing
between two posts is 20 μm (5). The dimensions of the entire chamber are 16 mm × 24 mm.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c02378
ACS Nano XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/10.1021/acsnano.0c02378?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c02378?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c02378?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c02378?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c02378?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c02378?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c02378?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c02378?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c02378?ref=pdf


Theoretical Calculations for Improving Sensitivity.
Two important parameters for digital ELISA assays to achieve
maximal sensitivity are the number of beads used and the
percentage of beads analyzed. The first parameter, the number
of beads used, is important since it will determine the fon (the
number of positive events over the total number of beads) and
the AEB (average enzymes per bead). In 100 μL of a 10 aM
sample, there are ∼600 molecules. Thus, when 1,000,000,
500,000, and 100,000 beads are used, the theoretical AEB is
0.0006, 0.0012, and 0.0060, respectively. As a result, using
fewer beads will lead to a higher fon and AEB (Figure 2A). The
second parameter, the percentage of beads analyzed, is
important, since at low numbers of molecules it is essential
to measure as many positive events as possible to reduce the

measurement uncertainty (Figure 2B). For example, in a
sample with 600 molecules, if 100% of the beads are analyzed,
the digital measurement is 600 positive events, assuming 100%
capture and labeling efficiency. If 10% of the beads are
analyzed, the digital measurement is 60 positive events. Thus,
increasing the percentage of beads analyzed should enable
more sensitive detection since the uncertainty in the
measurement is reduced. We note that the first parameter,
the number of beads used, does not matter if all the beads are
analyzed. While analyzing all the beads may be advantageous, it
may also result in more complex systems and instrumentation
that are not amenable for routine or rapid use. Therefore, by
reducing the number of beads used, we can achieve improved
sensitivity since the measured signal will be higher.

Figure 4. Calibration curves. (A) Calibration curves for ddELISA for IFNγ and IL-2. (B) Simoa assays using the HD-1Analyzer for IFNγ and
IL-2. (C) Signal over background for the calibration curve (top). Zoomed in view from 0.0001 to 1 fM for IFNγ and 0.001 to 1fM for IL-2
for both the ddELISA and Simoa assays (bottom).
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While better sampling of rare events can lead to improved
sensitivity, the sensitivity of digital ELISA is also limited by the
dissociation constants of the antibodies. It is possible to
achieve zeptomolar sensitivity even with low sampling of 10%
of the beads when the dissociation constants are low, such as
when using biotin−streptavidin instead of antibodies.9 There-
fore, we sought to understand how the percentage of beads
that are analyzed affects the sensitivity of digital ELISA when
accounting for the antibody dissociation constants. Figure 2C
shows the Poisson noise limited limit of detection (LOD) and
bead loading efficiency η at different KD values. A higher η
leads to improvement in sensitivity. The sensitivity of the assay
can be improved by about an order of magnitude, regardless of
the KD value, when η increases from 5% to 50%. Furthermore,
as expected, lower KD values result in higher sensitivity. The
derivations are provided in the Supporting Information.
Device Design. To improve the sensitivity of ddELISA, we

designed a microfluidic device for efficiently generating
droplets and packing them into a chamber for analysis (Figure
3). After formation of the immunocomplex on the beads, the
beads are suspended in a small, 2 μL volume, of substrate and
then partitioned into picoliter-sized droplets. For single
molecule analysis, one bead should be isolated in a droplet.
Thus, based on the Poisson distribution, most droplets contain
no beads and a small percentage of droplets contain one bead.
To isolate one bead per droplet, the number of droplets we
generate is ∼1,000,000 and the number of beads we use is
100,000.
To simplify the device for POC applications and reduce

imaging times, we sought to generate a minimal number of
droplets, while still ensuring that each droplet contains either
zero beads or one bead for digital analysis. Therefore, our
droplet generating device contains two inlets, one for the oil
with surfactant and one for the beads and substrate mixture.
Many other droplet-based assays contain multiple inlets for
assay reagents, resulting in larger input volumes that lead to a
larger number of droplets that must be analyzed. In our device,
we premixed the fluorogenic substrate with the beads and then
added the mixture to the inlet to generate droplets. Using this
approach, droplets are formed at ∼20,000 droplets/s, for a
total of ∼1 min. Due to the larger volume of the droplets (pL)
compared to the volume of the traditional Simoa microwells
(fL), the background signal from the enzymatic reaction
occurring due to premixing with substrate is low. Following
droplet generation, the droplets are then loaded into a
chamber for imaging.
To maximize the percentage of beads analyzed, the

microfluidic device was designed for optimal performance
and minimal sample loss both during droplet formation and
during droplet loading into the chamber. In the first step, it is
difficult to ensure droplet stability from start of droplet
generation due to the low input volume (2 μL) while still
generating many droplets per second. To generate many
droplets per second, a pump-driven droplet generation system
is preferred to a vacuum driven system. However, pump-driven
systems often suffer from low droplet stability during the initial
droplet generation. To solve this issue, we added oil before
loading the aqueous bead solution into the tubing (Supple-
mentary Figure S5) such that the oil is injected first into the
channel, which stabilizes the system.
The second step, the design of the imaging chamber and the

process of loading the droplets into the chamber, was also
optimized. To minimize droplet loss and maximize droplet

packing within the imaging chamber, we loaded the droplets
and oil into the syringe tubing with the tip of the tubing
pointing downward so that the droplets flow to the top due to
gravity and the low density of the aqueous phase compared to
the oil phase. Once droplet packing is achieved, the droplets
are injected into the imaging chamber. To achieve good image
quality, droplets must be stationary during imaging. Thus, we
designed posts with a spacing of 20 μm for each viewing area
so that the droplets, which have a diameter of 14 μm, can
squeeze through the posts during loading and then remain
fixed in position after loading. A droplet blocking feature with
7 μm posts was added near the outlet to prevent the droplets
from escaping the device. Additionally, the imaging chamber
was designed such that the droplets were packed in a
monolayer, and thus, the height of the chamber (10 μm)
was comparable to the diameter of the droplets (14 μm). Due
to the shallow height (10 μm) of the microfluidic device, posts
with 60 μm diameter are used throughout the device to
prevent the chamber from collapsing. Using a combination of
these features, we were able to efficiently load the droplets into
the chamber in a monolayer for imaging. Using this approach,
we can analyze up to 60% of the beads, facilitating
ultrasensitive detection.

ddELISA for Ultrasensitive Protein Detection. We
evaluated the performance of ddELISA by measuring two
protein targets, IFNγ and IL-2, which are present at low levels
in many biological samples. The calibration curves are shown
in Figure 4A. At low protein concentrations, most of the
droplets contain no target protein molecule, and as the
concentration increases, a small percentage of droplets
contains more than one molecule. Representative histograms
of the signals in the bead-containing droplets are shown for
various concentrations in Supplementary Figure S6. As the
concentration increases, a second population can be observed,
indicating that some droplets have more than one enzyme at
higher concentrations. We also compared our results to the
Simoa assay using the HD-1 Analyzer (Quanterix) and the
calibration curves are shown in Figure 4B. We then calculated
the signal over the background for both ddELISA and the
conventional Simoa and observe a greater signal increase for
ddELISA (Figure 4C). We also calculated the detection limits
(LODs) as three standard deviations above the background
and the quantification limits (LOQs) as 10 standard deviations
above the background for ddELISA and Simoa (Table 1).
Table 1 also shows the LODs for commercially available Simoa
assays. We show that we can achieve LODs in the attomolar
range using our approach, an ∼25-fold improvement over the

Table 1. Calculated Limits of Detection (LODs) and Limits
of Quantification (LOQs) for IFNγ and IL-2 Using
ddELISA and the Conventional Simoaa

LODs and LOQs for ddELISA and Simoa

ddELISA
LOD
(3×)

Simoa
LOD
(3×)

Quanterix LOD
(2.5×)

ddELISA
LOQ
(10×)

Simoa
LOQ
(10×)

IFNγ 30 aM 350 aM 1.00 fM 260 aM 1.24 fM
IL-2 20 aM 550 aM 730 aM 360 aM 2.17 fM

aThe LODs for ddELISA and Simoa were calculated as 3 standard
deviations above the background. The LOQs for ddELISA and Simoa
were calculated as 10 standard deviations above the background. The
LODs for commercially available assays from Quanterix were
calculated as 2.5 standard deviations above the background.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c02378
ACS Nano XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c02378/suppl_file/nn0c02378_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c02378/suppl_file/nn0c02378_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c02378/suppl_file/nn0c02378_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c02378/suppl_file/nn0c02378_si_001.pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c02378?ref=pdf


conventional Simoa. Since the LOD is calculated from three
components, namely, the background levels, the standard
deviation over the background, and the calibration curve,
improvements in the signal over the background (i.e., the
calibration curve) can lead to improvements in sensitivity.
Compared to the conventional Simoa, the signal over the
background is substantially higher in ddELISA, and thus
ddELISA has improved sensitivity. Reducing the number of
beads by 5-fold and increasing the number of beads analyzed
allowed us to obtain this improvement in sensitivity. Finally, to
ensure we can reliably detect proteins in serum, we tested three
serum samples per marker and compared our results to Simoa.
The two methods show good agreement (Figure 5). Thus,
using our approach we can reliably measure proteins with high
sensitivity over the current gold standard method for
ultrasensitive protein measurements.

We also developed a ddELISA assay for LINE1/ORF1, a
protein that is expressed in many types of cancer tissues.33−35

To the best of our knowledge, this protein has never been
previously measured in serum. In preliminary work (unpub-
lished), we were unable to measure this protein in most
samples using conventional Simoa. We used a nanobody as the
capture and a biotinylated IgG antibody as the detector. We
measured a calibration curve using both ddELISA (Figure 6A)
and the conventional Simoa (Figure 6B). The calculated LODs
for ddELISA and the conventional Simoa are 290 and 890 aM,
respectively. We also calculated the signal over the background
for both ddELISA and the conventional Simoa and observe a
greater signal increase at low concentrations for ddELISA
compared to Simoa (Figure 6C). We note that at higher
concentrations, the conventional Simoa performed better than
ddELISA. This better performance may be attributed to the
higher number of beads used in Simoa.
To determine the minimum percentage of beads necessary

to achieve optimal sensitivity, we randomly selected a subset of
the beads for analysis and calculated the LODs for each of the
IFNγ, IL-2, and ORF-1 ddELISAs. Based on these results, we
observe a substantial increase in sensitivity when the
percentage of beads analyzed increases from 5% to 20%
(Supplementary Figure S7). We also observe that analyzing
approximately 20% of the beads using the ddELISA assay
format is sufficient to achieve optimal sensitivity. These results
are consistent with our theoretical calculations.
To assess the ability of ddELISA to measure endogenous

ORF1 in serum, we selected samples from healthy and breast

cancer subjects. We measured these samples using both
ddELISA and the conventional Simoa (Figure 6D,E). For the
healthy subjects, two subjects were detectable using ddELISA
while no subjects were detectable using the conventional
Simoa. For the cancer subjects, five subjects were detectable
using ddELISA and two subjects were detectable using the
conventional Simoa. These results suggest that the improved
ability of ddELISA to measure serum samples is due the lower
LOD of ddELISA.

CONCLUSIONS
We developed an approach for ultrasensitive protein detection
based on digital ELISA and droplet microfluidics. A major
barrier to improving the detection limit of digital ELISA is low
sampling of rare events. Low sampling in digital bead-based
immunoassays is typically due to low bead loading efficiencies
into femtoliter wells, which results in a compromise in
sensitivity since only a small percentage of the “on” beads
are analyzed. We designed a simple device that improves our
ability to sample low numbers of protein molecules, leading to
enhanced sensitivity. In our approach, we reconstitute the
bead-based immunocomplexes into a small volume and then
isolate single beads into droplets. We then efficiently pack the
droplets in an array configuration in a chamber with minimal
droplet loss for analysis. Using our approach, we can achieve
detection limits in the attomolar range and demonstrate up to
∼25-fold improvement in sensitivity over the conventional
Simoa, the current gold-standard for ultrasensitive protein
detection. We also note that others have demonstrated that
better sampling can improve the ability to detect low
abundance molecules.36,37

Further improvements in our ability to detect low levels of
protein molecules using a digital ELISA assay format is
dependent on better binding reagents with low dissociation
constants. Ultrasensitive detection of molecules in the
zepotomolar range using Simoa was accomplished when
biotin−streptavidin, which has a low binding constant, was
used.9 Our lowest calculated LOD is 20 aM, which
corresponds to ∼1200 protein molecules. Further improving
the sensitivity of digital ELISA and obtaining LODs in the
zeptomolar range should be achievable by using better binding
reagents.
Another challenge with ultrasensitive protein detection tools

is the ability to measure protein biomarkers with high
sensitivity at the POC. Ultrasensitive detection of protein
biomarkers at the POC has many potential applications,38

including detection of infectious diseases such as tuberculosis39

and Zika.40 Our device is simple, low cost, and amenable to
mass production and thus highly applicable to POC.
Several improvements can be applied to our ddELISA

approach. One improvement is to reduce the time to image the
droplet arrays. Since most droplets do not contain a bead, it is
not necessary to image all droplets. Sorting the droplets to
retain only the relevant droplets can be accomplished by
dielectrophoretic,41 magnetic,42 acoustic,43 or optical44 ap-
proaches. Integrating droplet sorting can result in some bead
loss and thus reduce the number of beads that are analyzed.
However, based on our theoretical calculations, we show that
as long as ∼50% of the beads are analyzed, maximal sensitivity
can still be achieved. Additionally, approaches to image droplet
arrays using wide-field fluorescent imaging have been
previously developed and can be used to substantially reduce
imaging times.45 The second improvement is to reduce the

Figure 5. Endogenous protein measurements in serum. IFNγ and
IL-2 levels were measured in serum using both ddELISA and the
conventional Simoa. Concentrations shown are measured values.
The Pearson correlation coefficient is 0.987.
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time required for the fluorescent signal to become detectable.
Due to the larger volume of the ddELISA droplets (picoliter)
compared to the Simoa microwells (femtoliter), the time it
takes for the fluorescent product of the enzyme−substrate
reaction to be detectable is increased. Thus, other enzyme-
based46,47 or enzyme-free48 approaches for signal amplification
can be used to reduce the time to generate a detectable signal.
Improving the LODs to attomolar levels, and possibly even

lower, allows for detection of proteins that have not previously
been measured in biological samples such as blood, urine, and
saliva. Additionally, some proteins cannot be measured in all
subjects due to limitations in sensitivity, and therefore, their
utility as biomarkers is limited. Since many protein biomarkers
are present at low concentrations or are only measurable when
the disease has progressed, improved sensitivity can facilitate
biomarker discovery for various diseases including neurological
diseases, infectious diseases, and cancer. New protein
biomarkers can be used to diagnose disease early, to monitor
response to treatment, or as companion diagnostics. Addition-
ally, other biomarkers, such as microRNAs,49 which are present
at low levels in many biological samples, can also be measured
with improved sensitivity over previously developed Simoa
assays. Thus, ddELISA is highly promising for improved
ultrasensitive detection of analytes.

METHODS
Microfluidic Device Fabrication. All microfluidic devices used

in this paper were fabricated using polydimethylsiloxane (PDMS)
with the standard soft lithographic methods.24 Briefly, a thin layer of

SU8-3010 (MicroChem) was spin coated onto the surface of a silicon
wafer. After baking, a photomask was placed on top of the wafer for
UV exposure. Propylene glycol methyl ether acetate (PGMEA)
(Sigma-Aldrich, 537543) was then used to remove the unexposed
SU8 from the wafer. After baking, the wafer was placed in a Petri dish
and served as a mold for downstream PDMS fabrication. PDMS was
well mixed with curing agent at a 10:1 ratio, degassed, poured onto
the wafer, and placed in a 65 °C oven for at least 1.5 h. The PDMS
was then cut and carefully peeled off from the mold. Holes for the
inlets and outlets were formed using a 1 mm biopsy punch (Harris
Uni-Core, Ted Pella, Inc.). The device and a clean glass slide were
bonded to each other after plasma treatment. The devices were then
treated with a hydrophobic surface treatment by flowing through
Aquapel (PPG) followed by pressured nitrogen blow.

Droplet Generation. After immunocomplex formation (de-
scribed in more detail in section 1.6), the beads were resuspended
in a 2 μL solution containing 1.7 μL of substrate and 0.3 μL (15% v/
v) of a density gradient solution Optiprep (Sigma, D1556) in a PCR
tube. The solution was then mixed over 30 times using a pipet to
resuspend the beads. A 1 mL syringe (BD Luer-Lok 1 mL Syringe,
Beckton Dickinson) with 300 μL of HFE 7500 oil (3M) was
connected with a needle (Vita Needles D929_SS27X0.5, 27 gauge,
0.5″) and PE/2 tubing (inner diameter: 0.38 mm, Scientific
Commodities, Inc.) The HFE 7500 oil was pushed manually until
the oil was approximately 0.5 cm away from the tip of the tubing. The
tip of the tubing was then inserted into the PCR tube containing the
bead solution, which was withdrawn into the tubing by slowly pulling
the syringe’s plunger. Then, 1 μL of HFE 7500 oil was added in a
similar manner. The syringe was then loaded onto a syringe pump
(Harvard Apparatus) and the tubing was inserted into the bead inlet
on the droplet generating device. A second syringe was prepared by
adding a solution containing HFE 7500 oil with 2% Fluorosurfactant

Figure 6. ORF1 assay and serum levels. (A) Calibration curve for ddELISA. B. Calibration curve for the conventional Simoa. (C) Signal over
background of the ddELISA and conventional Simoa calibration curves. Zoomed in view from 0.025 to 25 fM (bottom). (D) Measured AEB
values of ORF1 using Simoa and ddELISA in cancer and healthy serum. (E) Measured concentration values of ORF1 using Simoa and
ddELISA. Samples from the same subject are colored. Samples below the detection limit were set to 0 fM.
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(008-FluoroSurfactant, Ran Biotechnologies). This second syringe
was then connected with a needle and tubing and loaded onto a
second syringe pump. The tubing was then inserted into the oil inlet
on the droplet generating device. A pipet tip (VWR 37001-150) was
inserted into the outlet for droplet collection. After this setup was
complete, the syringe pumps were turned on. The flow rate of the
bead solution was 80 μL/h, and the flow rate of the oil and surfactant
solution was 120 μL/h. Monodispersed droplets with a diameter of
∼14 μm (1.4 pL) were generated at a rate of ∼20,000 Hz in under 1
min for a total of ∼1.4 × 106 droplets. The droplets were then
transferred from the pipet tip to a PCR tube and stored at 4 °C
overnight and then imaged the next day.
Droplet Reinjection for Imaging. Prior to loading the droplets

into the imaging chamber, the chamber was flushed with a solution of
HFE 7500 oil and 2% surfactant. A 1 mL syringe containing 300 μL of
HFE 7500 with 2% surfactant was then prepared for loading the
droplets into the chamber. The oil solution was pushed manually until
it was approximately 0.5 cm away from the tip of the tubing. The tip
of the tubing was then inserted into the PCR tube containing the
droplets and the droplet solution was withdrawn into the tubing by
slowly pulling the syringe’s plunger until all of the droplets were inside
the tubing. The syringe was then loaded onto the syringe pump. The
tip of the tubing was then pointed down for ∼3 min. Due to gravity
and the density difference between the droplets and the oil, the
droplets will flow to the top of the tubing and a clear separation
between the droplets and the oil solution can be observed. This
technique allows us to closely pack the droplets, which is desirable for
droplet loading. The tubing was then inserted into the inlet of the
imaging chamber device and the pump was set to a flow rate of 100
μL/hour until all the droplets have been loaded into the imaging
chamber (∼5 min). The tubing was then removed from the inlet and
the chamber was then imaged.
Imaging of Droplets inside the Chamber. The imaging

chamber device was mounted on a motorized stage (Prior) on an
IX83 microscope (Olympus). The imaging chamber was imaged in
three different channels. First, a fluorescence image to identify “on
droplets” by detecting the presence of the fluorescent product of the
enzyme was obtained using a GFP filter (1 s exposure). Second, a
fluorescence image to detect the dye-labeled beads was obtained using
a Cy5 filter (1 s exposure). Third, a brightfield image (1 ms exposure)
was obtained to identify the droplets. The images were obtained using
a 10× objective and were acquired with a CCD Flash4 camera
(Hamamatsu). The stage and the camera were controlled by
commercial software (cellSens). Each frame was imaged in the
three channels and then the stage moved automatically to the next
frame. Total imaging time per chamber was approximately 15−20
min.
Image Analysis. First, the droplets were identified using the

brightfield image. The droplet regions were isolated using Laplacian of
Gaussian edge detection followed by morphological region filling. A
watershed algorithm was applied to large regions to separate any
partially connected regions. Then, the beads were located using the
bead fluorescent image. Each bead was assigned to a droplet based on
maximal overlap with a given droplet using a nearest neighbor
algorithm. Then, the median intensity of each droplet was determined
using the fluorescent image of the enzyme’s product. A local
background correction was then applied to account for lack of overall
uniformity in the fluorescent image. Each droplet was matched with
its five nearest droplet neighbors that did not contain a bead. If a
droplet had too few neighbors within 1.5 times its diameter, the
droplet was excluded from analysis. Once the droplet was matched
with its five neighbors, the median intensity value of these five
neighboring droplets was obtained and then subtracted from the
intensity value of the droplet. Using this approach, a local background
correction was applied.
After each droplet was assigned a corrected intensity value, we had

to determine the intensity cutoff for the “on droplets.” To do this, we
used the intensities of the droplets that do not contain a bead since
these droplets do not have enzymatic activity and can be considered
true “off droplets.” The intensity distribution of these “off droplets”

closely follows a Gaussian distribution. Thus, a Guassian fit was
applied and the mean and standard deviation were determined. To
determine which droplets were “on”, a cutoff was set at 10 standard
deviations above the mean, and any bead-containing droplet with an
intensity value above this cutoff was counted as “on”. The fraction on
was then calculated as the total number of “on” droplets over the total
number of beads and then converted to AEB. All image processing
and fitting was done using Matlab. Additional information on this
process is provided in the Supporting Information.

Preparation of Antibody Coated Capture Beads and
Biotinylated Detector Antibodies. Capture antibodies for IFNγ
(BioLegend 507502) and IL-2 (Fisher/R&D Systems MAB602) were
reconstituted and stored according to the instructions provided by the
manufacturer. Each antibody was buffer exchanged to remove the
storage buffer by first adding 0.13 mg of antibody solution to an
Amicon filter (50K, Millipore). Bead Conjugation Buffer (Quanterix)
was then added to the filter up to a total volume of 500 μL. The filter
device was centrifuged at 14,000g for 5 min. The effluent was
discarded and the process was repeated twice. The filter was inverted
into a new tube and centrifuged at 1000g for 2 min. The filter was
rinsed with 50 μL of Bead Conjugation Buffer and centrifuged at
1000g for 2 min. The concentration of the antibody was measured
using a NanoDrop spectrophotometer. The IFNγ, and IL-2 capture
antibodies were then diluted to 0.5 mg/mL and the ORF1 capture
antibody (provided by Professor John LaCava) was diluted to 0.025
mg/mL in Bead Conjugation Buffer and stored on ice until ready for
use. 2.8 × 108 dye-encoded carboxylated, 2.7 μm, paramagnetic beads
(Quanterix) were transferred into a microtube and washed three
times with 200 μL of Bead Wash Buffer (Quanterix). The beads were
then washed two times with 200 μL of Bead Conjugation Buffer and
resuspended in 190 μL of Bead Conjugation Buffer. Fresh 10 mg of 1-
ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochloride
(EDC) (ThermoFisher) was reconstituted in 1 mL of Bead
Conjugation Buffer just prior to use. To activate the beads, 10 μL
of EDC was added to the bead suspension to give a final
concentration of 0.5 mg/mL and a final volume of 200 μL. The
beads were then placed on a rotator for 30 min. The activated beads
were then washed with 200 μL of Bead Conjugation Buffer. 200 μL of
capture antibody solution was then added to the beads, vortexed, and
placed on the rotator for 120 min for conjugation. The antibody-
conjugated beads were then washed two times with 200 μL of Bead
Wash Buffer. The beads were then blocked with 200 μL of Bead
Blocking Buffer (Quanterix) and placed on the rotator for 30 min.
The beads were washed with 200 μL of Bead Wash Buffer, washed
with 200 μL of Bead Diluent (Quanterix), and resuspended in 200 μL
of Bead Diluent. The beads were counted using a Beckman Coulter
multisizer and stored at 4 °C.

Detector antibodies were biotinylated as previously described.50

Briefly, NHS-LC-LC-Biotin (ThermoFisher A35358) was used to
biotinylate the detection antibodies. Here, 160× molar fold excess
biotin was used for biotinylation of the IFNγ detection antibody
(Fisher/R&D Systems MAB285), 320× molar fold excess biotin was
used for biotinylation of the IL-2 detection antibody (Fisher/R&D
Systems MAB202), and 80× molar fold excess was used for
biotinylation of the ORF1 detection antibody (Abcam ab246317).
The same reagent preparations were used for both the ddELISA assay
format developed here and the conventional Simoa using the HD-1
Analyzer.

Preparation of Reagents and Immunoassay Assay Setup.
Antibody-coated capture beads were diluted in Sample Diluent
(Quanterix). A total of 100,000 beads per sample were used for the
ddELISA assay, and 500,000 beads per sample were used for the
conventional Simoa assay. Biotinylated detector antibodies were
diluted in Detector Diluent (Quanterix) to the desired concentration.
Streptavidin-β-galactosidase (SβG) Concentrate (Quanterix) was
diluted to in SβG Diluent (Quanterix) to the desired concentration.
Recombinant protein standards (Fisher/R&D Systems 285-IF and
Systems 202-IL) were serially diluted to desired concentrations in
Sample Diluent. Either three- or two-step assay configurations were
chosen. Additional information on assay configuration and incubation

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c02378
ACS Nano XXXX, XXX, XXX−XXX

H

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c02378/suppl_file/nn0c02378_si_001.pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c02378?ref=pdf


times for each assay is provided in Table 2. Incubation times were the
same for each marker for both the ddELISA assay and the
conventional Simoa assay using the HD-1 Analyzer.

In a three-step assay configuration, 25 μL of bead solution and 100
μL of sample were pipetted into a reaction cuvette and allowed to
incubate. The beads were then pelleted with a magnet and the
supernatant was removed. Following several washes, 100 μL of
detector antibody was added and incubated. The beads were then
pelleted with a magnet, and the supernatant was removed. Following a
series of washes, 100 μL of SβG was added and incubated. The beads
were washed, resuspended in substrate solution, and loaded onto the
array or into droplets for single molecule analysis. In a two-step assay
configuration, 25 μL of bead solution, 100 μL of sample, and 20 μL of
detector antibody were pipetted into a reaction cuvette and allowed to
incubate. The beads were then pelleted with a magnet, the
supernatant was removed. Following several washes, 100 μL of SβG
was added and incubated. The beads were washed, resuspended in
substrate solution, and loaded onto the array or into droplets for
single molecule analysis.
For the Simoa assay, the reagents including beads, detector, and

SβG were placed in plastic bottles (Quanterix). The samples,
including calibrators and serum samples, were loaded into a 96-well
plate (Quanterix). All reagents (capture beads, detector antibodies,
SβG, enzyme substrate resorufin β-D-galactopyranoside (RGP), Wash
Buffer 1, Wash Buffer 2, and Simoa Sealing Oil were purchased from
Quanterix and loaded into the Simoa HD-1 Analyzer (Quanterix)
based on the manufacturer’s instructions. All incubation and washes
were conducted automatically using the HD-1 Analyzer. Following
loading of the beads, the array was then sealed with oil and imaged.
Images of the arrays were analyzed and AEB (average enzyme per
bead) values were calculated by the software in the HD-1 Analyzer.
Detailed information on the Simoa HD-1 Analyzer has been
previously reported.16

For the ddELISA assay, the samples and reagents were loaded into
a 96-well plate (Corning, CLS3651) and incubated as described. All
washes were conducted automatically using Wash Buffer 1 and a
microplate washer (BioTek). After the last wash, the beads were
resuspended in 2 μL of the substrate solution, which consists of 1.7
μL of 100 μM FDG (fluorescein di-β-D-galactopyranoside) (Sigma)
and 0.3 μL of Optiprep (Sigma). The bead solution was thoroughly
mixed using a pipet and then loaded into the microfluidic device for
partitioning into droplets.
Preparation of Serum Samples and Data Analysis. Serum

samples from healthy and breast cancer subjects were purchased from
BioIVT. Serum samples along with calibration curves were measured
using both ddELISA developed here and the Simoa HD-1 Analyzer.
Serum samples were diluted 4-fold in sample diluent (Quanterix).
Plotted concentrations reflect measured values. The calibration curves
were fit using a 4PL fit. The calibration curves were used to determine
concentrations of the unknown serum samples. This analysis was
done using the GraphPad Prism. All measurements were performed in
3−5 replicates. The limit of detection (LOD) of each assay was
calculated as three standard deviations (SDs) above the background.
The signal over background was calculated by taking the average
signal of replicate measurements at a given concentration and dividing
by the average background of replicate measurements. R2 values for
each calibration curve are shown in Supplementary Table 1.
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