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Every year, over 100 million units of donated blood undergo
mandatory screening for HIV, hepatitis B, hepatitis C, and syphilis
worldwide. Often, donated blood is also screened for human T cell
leukemia-lymphoma virus, Chagas, dengue, Babesia, cytomegalo-
virus, malaria, and other infections. Several billion diagnostic tests
are performed annually around the world to measure more than
400 biomarkers for cardiac, cancer, infectious, and other diseases.
Considering such volumes, every improvement in assay perfor-
mance and/or throughput has a major impact. Here, we show that
medically relevant assay sensitivities and specificities can be fun-
damentally improved by direct single-molecule imaging using reg-
ular epifluorescence microscopes. In current microparticle-based
assays, an ensemble of bound signal-generating molecules is mea-
sured as a whole. By contrast, we acquire intensity profiles to
identify and then count individual fluorescent complexes bound
to targets on antibody-coated microparticles. This increases the
signal-to-noise ratio and provides better discrimination over non-
specific effects. It brings the detection sensitivity down to the
attomolar (10~'8 M) for model assay systems and to the low fem-
tomolar (10~'® M) for measuring analyte in human plasma. Tran-
sitioning from counting single-molecule peaks to averaging pixel
intensities at higher analyte concentrations enables a continuous
linear response from 10~ '8 to 10~> M. Additionally, our assays are
insensitive to microparticle number and volume variations during
the binding reaction, eliminating the main source of uncertainties
in standard assays. Altogether, these features allow for increased
assay sensitivity, wide linear detection ranges, shorter incubation
times, simpler assay protocols, and minimal reagent consumption.
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illions of diagnostic and blood screening assays are per-

formed each year, providing information critical to people’s
health across the globe. Given the purpose and the volumes in-
volved, every improvement in assay performance becomes im-
mensely impactful. Such improvements include increasing assay
sensitivity and specificity; eliminating sample predilutions by widen-
ing the detection range; shortening incubation times, thus increasing
the throughput; simplifying assay protocols; and minimizing reagent
consumption.

The concept of immunoassays, as a novel methodology for
quantitative biological measurements, was introduced in the early
1960s (1-4). Widespread acceptance and commercialization of the
technology for clinical diagnostics was drastically accelerated by
the development of highly automated testing platforms in the
1980s (5-8). These instruments, reagents, and assay protocols have
been further optimized, networked, and integrated into multi-
instrument systems over past decades (9, 10).

However, the fundamentals of immunoassays or, in general
terms, the basic principles of receptor-ligand binding interactions
remain unchanged in today’s applications. The target analyte must
be captured with one binding agent and be recognized by, or
outcompete, another binding agent containing a label. The binding
kinetics, affinities, and specificities are driven by the structure-
function properties of the reagents. Hence, searching for better
binding molecules is an ongoing task. Antibodies are natural robust
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binders, and a variety of advances have been made in the engi-
neering of new and improved antibody constructs (11-14), but
further improvement along these lines mostly requires screening
increasingly larger molecular libraries, a trend that quickly reaches
physical limits of the binding reaction or becomes impractical.
An alternative perspective toward better assay performance
focuses on improving the measurement output after the binding
reactions have taken place. Major approaches include enhancing
detection sensitivity and finding new ways to reduce background
signal. Before addressing these approaches, it is important to
define the appropriate metrics. In terms of assay performance,
functional assay sensitivity refers to the lowest concentration of
analyte that can be identified and correlated with the measured
signal in a statistically significant manner (15). This, of course,
depends on assay background, which is the collection of all
measured signals that do not scale with analyte concentration.
Assay background is the main factor that limits assay sensitivity.
Signal detection, as distinct from functional assay sensitivity,
refers strictly to the amplitude of the observable signal, without
interpretation thereof. Clearly, better signal detection permits
the identification of lower levels of a given analyte. However,
enhancing the signal does not always improve assay sensitivity. In
the case of high nonspecific background—when the signal-
generating label interacts with reaction components other than
the target analyte—much of the detected signal is not related to
the assay target, and so an increased signal amplitude does not
provide new information. On the other hand, stronger signal
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detection allows for additional options to improve signal-
to-noise. For instance, nonspecific background can be greatly
reduced by decreasing the concentration of labeled conjugate.

In the pursuit of enhancing signal detection, single-molecule
counting is the definitive goal. A variety of single-molecule de-
tection techniques have been developed to obtain detailed
mechanistic information about biophysical reactions and to
identify the properties of subpopulations, otherwise averaged out
in ensemble measurements (16-22). From a diagnostics per-
spective, if each signal-generating molecule brought to the de-
tector can be registered, then it can be counted (23-26), leading
to the ultimate signal detection.

The Noji group was the first to demonstrate that confining
enzymes in isolated, femtoliter substrate volumes allows a single
enzyme molecule to quickly generate a fluorophore concentra-
tion detectable by standard microscopy (27-29). Extending the
use of confined enzyme reactions, Walt and collaborators de-
veloped the single-molecule enzyme-linked immunosorbent as-
say, termed digital ELISA (30-32). This technique requires
incubating samples with antibody-coated microparticles and
complementary antibody—enzyme conjugates, loading micropar-
ticles into femtoliter-volume well arrays, sealing wells with
membranes/oil, substrate incubation, multiple image acquisitions
to threshold the enzymatic rates, and, finally, counting the pos-
itive wells (30, 33). In more recent work, the well arrays were
replaced with droplets and nondiffusible labels (34, 35). Using
enzymatic signal amplification represents a typical biochemical
approach to achieve ultrasensitive detection. However, digital
ELISA suffers inherent limitations at high sample concentrations

Fig. 1.

because all the wells become positive and the substrate becomes
exhausted, eliminating digital information and eventually satu-
rating the intensity signal. Also, the quantitation of small mole-
cule analytes usually requires a competitive assay format, which
complicates the design and application of digital ELISA (36).
Hence, returning to the design philosophy of the original
single-molecule methods, we are offering a straightforward bio-
physical approach for directly imaging the target molecules on
surfaces or microparticles. Employing bright fluorescent conju-
gates helps to overcome the signal-to-background issue and al-
lows individual analyte point sources to be observed. This type of
single-molecule imaging-based detection provides a much sim-
pler assay protocol (SI Appendix, Fig. S1) and eliminates the
need for complex disposables. Replacing enzymatic signal en-
hancement with bright conjugates does require the use of
somewhat higher quality optics and cameras than are needed for
digital ELISA but does not exceed the capabilities of conven-
tional epifluorescence microscopy. Confocal or total internal
reflection fluorescence setups, as used in some other single-
molecule methods (37-40), are not required. Another advan-
tage of the direct imaging approach is that assays can be per-
formed faster with reduced, or even zero, washing steps because
the background and ambiguous peaks, or clusters, of pixels can
be filtered out by image analysis algorithms. Furthermore, when
employing microparticles, the spatial information is used to
generate a ratiometric signal that is insensitive to microparticle
number and volume variations during the binding reaction,
eliminating the main source of uncertainties in standard en-
semble assays. Lastly, while both the biochemical and biophysical

B

HDIA image acquisition and analysis. At each measurement location, two images are acquired, (A) a bright-field image to locate the microparticles

and (B) a fluorescence image to record the signal. (C) A mask is made from the bright-field image to eliminate any signals not coming from a binding area/
microparticle. (D) When in the digital regime, a further threshold can be applied to identify and count the bright intensity peaks (dotted circles), which

indicate single antibody sandwiches.
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approaches can detect single molecules at low analyte concen-
trations, direct biophysical methods transition seamlessly from
the digital regime into analog intensity measurements at high
analyte concentrations. This grants a very broad detection range
that can be used to eliminate sample predilutions and the
associated retesting steps.

Overall, both the biochemical and the biophysical approaches
seek to gain an advantage through improved detection. Neverthe-
less, both approaches are built on the basic immunoassay reaction,
and all antibody reactions are limited by the physical constraints of
binding affinities and reaction kinetics. Therefore, it is important to
note that all immunoassays merely sample the target population.
Across the various capture, labeling, and detection steps, only a
small fraction of the original analyte is enumerated. Single-molecule
counting techniques applied to immunoassays are thus not absolute,
and each assay must reference a calibration curve (i.e., a set of assay
signal responses as a function of known sample concentrations).
Single-molecule techniques can offer important gains in sensitivity
and background discrimination, which, in turn, can be leveraged to
enhance functional sensitivities of the assays as well as to reduce
incubation times, reagents, and sample volumes.

In this work, we introduce an imaging approach that detects
analytes with bright, dextran scaffold fluorescent complexes and
incorporates digital and analog analysis modes. We demonstrate
that this method, high-definition immunoassay (HDIA), enables
single-molecule counting sensitivity in combination with a broad
linear detection range. Lastly, we show the practical benefits of
HDIA for detecting clinical biomarkers in human plasma.

Results

HDIA is a versatile tool that can easily be adopted for all
receptor-ligand binding and screening assays. HDIA directly im-
ages antibody-analyte sandwiches. These complexes may be
bound to an optical binding surface or to microparticles that have
settled, or been pulled magnetically, onto a transparent support.
Using magnetic microparticles as the binding solid phase sim-
plifies manipulation, washing, and automation, which enables
high-throughput diagnostics. To perform an HDIA measurement,
the potential binding area must either be known a priori or, as in
the case of microparticle binding surfaces, be determined from a
bright-field image (Fig. 14). The identified surface areas (micro-
particle pixel areas) are used to generate a binding surface mask
(Fig. 1C). This mask, in turn, is applied to the fluorescence image
(Fig. 1B) so that any fluorescence background not coming from a
binding surface (microparticle) is excluded. We determine the
average fluorescent intensity per pixel across each microparticle
image and use it to calculate the median signal for all images of a
given sample. Averaging over hundreds of thousands of pixels
makes this a robust parameter which correlates with analyte
concentration.

Forming bright fluorescent antibody complexes makes it possible
to resolve single analyte molecules. Therefore, at very low sample
concentrations, a digital signal can be obtained. A background
threshold is applied to the fluorescent image to remove micro-
particle autofluorescence and thereby identify the high intensity
peaks of individual, fluorescently labeled antibody sandwiches
(Fig. 1D). Creating this binary detection scenario—areas with
peaks {1} versus areas without peaks {0}—simplifies the noise
filtering, which leads to improved signal-to-noise and thus greater
detection sensitivity. Moreover, HDIA processes all the images
using both of the following approaches: counting peaks and total-
ing fluorescence intensities. These overlapping and complementary
analysis regimes offer a seamless transition and a significantly
expanded dynamic range.

In digital mode, the peaks per area (PPA) signal is measured
as the ratio of the number of intensity peaks divided by the total
imaged pixel area of the microparticle binding surfaces. An
analyte peak is defined as a set of contiguous pixels for which
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each pixel is included on the microparticle mask and has an in-
tensity value above the threshold. The PPA is expressed in units
of peaks/kilopixel to make the numerical values more legible;
thus

8peaks/81,478 pixels = 0.0982 peaks /kilopixel.

Digital analysis offers improved signal-to-noise at very low ana-
Iyte concentrations, but the signal begins to saturate at higher
concentrations as the peaks merge together and can no longer be
resolved. At this point, the results are determined by analog
analysis (i.e., total fluorescence intensity per binding area) and
are reported in units of counts per pixel (CPP). At sufficiently
high sample concentrations, the fluorescence intensity can satu-
rate the camera, but a reduction in excitation power or shortened
image acquisition (as used here) easily overcomes this obstacle.
The overall HDIA measurement then consists of the following
three components: digital, long acquisition analog, and short ac-
quisition analog. These three analyses have overlapping regions
of equivalent, valid results, making it possible to convert the
signals into a single universal scale or composite signal.

HDIA performance was characterized using a simplified
model system (Fig. 2). Biotinylated magnetic microparticles were
employed to directly capture fluorescent targets. In this experi-
ment, we used very bright streptavidin phycoerythrin (SAPE)
multimers (~1 SA:12 PE). As described in Materials and Meth-
ods, a series of 24 SAPE multimer samples (0.25 nM to 30 aM)
were reacted with microparticles in a glass-bottom 96-well plate
and then imaged. A bright-field image (100 ms) and two fluo-
rescence images (10 and 100 ms) were acquired at nine positions
within each well. The additional 10 ms image was taken to avoid
camera saturation for high concentration samples and therefore
was only analyzed in analog mode. Both digital and analog
modes were used to analyze the 100 ms fluorescent images. Fig. 2
shows the results of two experiments performed using the same
stock solutions. In the first experiment (magenta circles), cov-
ering the full sample titration range, 36 images (4 wells) were
measured for each of the 24 SAPE multimer dilutions (0.25 nM

to 30 aM). In the second experiment replicating low
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Fig. 2. Model assay results. SAPE multimers are titrated onto biotinylated

microparticles. Two sets of measurements were acquired and plotted on a
log-log scale, one with low image density (36 frames/sample, magenta cir-
cles) and another with high image density (216 frames/sample, blue squares).
The results show a good dose-response covering ~6 orders of magnitude. A
linear fit is plotted over the central section of the data, while the linear-scale
inserts show the same fit plotted against the low concentration (Left Inset)
and high concentration data (Right Inset). Error bars: mean + SD.
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concentration samples (blue squares), 216 images (24 wells) were
acquired for each of the lowest 15 SAPE multimer concentra-
tions and also for a buffer-only control. The full titration data
(magenta circles) were converted from digital PPA values to
analog CPP at the 61 fM concentration point where both modes
are valid. Performing a similar rescaling from 10 ms acquisition
analog values to 100 ms acquisition values at concentration 7.8
pM allows the composite signal for the entire sample range—
from 30 aM to 0.25 nM—to be plotted on a single graph. The
main log-log plot of Fig. 2 displays a linear fit overlaying the
central region of the data. The insets (linear axes) show closeups
of the low and high concentration data compared with the same
fit line from the main graph. Note that at 36 frames per sample
(magenta circles), the lowest two concentrations appear to bot-
tom out. This is because, at very low analyte concentrations, only
a small total number of peaks are detected (~20) and larger
sampling is required to obtain meaningful statistics. At the
highest analyte concentration, 0.25 nM, the analog signal begins
to saturate, approaching the limit of available binding sites on
the microparticles. Nevertheless, HDIA offers a dynamic range,
spanning ~6 orders of magnitude, depending on the assay.
When characterizing the sensitivity of HDIA, it is natural to
assume that at very low concentrations of analyte, an intensity
peak indicates only one analyte—antibody complex, not two or
more clustered together. Similarly, at slightly higher concentra-
tions, neighboring but noncontiguous peaks are treated as sep-
arate analyte complexes rather than a thresholding artifact. This
should also be a valid assumption given that, with a resolution of
0.5 pm/pixel, even a large macromolecule (3 MDa ~20 nm)
would still be considered a point source. To validate these as-
sumptions and to show that HDIA has single-molecule sensi-
tivity, we examine the performance of HDIA compared with
Poisson statistics. Poisson statistics describe the probability of a
given number of discrete events, k, occurring within an interval,

k
_ ol

PO = 7,

where y is the expected event rate. Therefore, we calculate the
HDIA digital signal as the number of peaks per microparticle by
modifying the algorithm with a size-exclusion image filter to
eliminate any objects larger than a single microparticle. Then,

each individual microparticle area is sequentially mapped to the
fluorescence image so that each of the detected peaks can be
referenced to the microparticle it occupies. Fig. 3 shows data
from three concentrations (144, 48, and 16 fM) of the SAPE
multimers shown in Fig. 2. After having been reanalyzed with
the modified algorithm, these data were plotted as probability
density functions (PDFs) of the number of peaks per micropar-
ticle. The PDFs show an excellent fit to the Poisson model, and
the Poisson fit event rates are in good agreement with the full
image data PPAs (magnetic microparticle chains included). In-
terestingly, additional data changing the threshold instead of the
concentration (SI Appendix, Fig. S2) reveal that HDIA results
begin undershooting the Poisson fit at around five peaks/micro-
particle, indicating that the present HDIA setup can resolve up
to four targets per microparticle before overlapping peaks re-
quire the switch to analog analysis mode. Overall, the alignment
with Poisson statistics is strong evidence that HDIA is accurately
detecting and counting single analyte molecules.

The true test of a diagnostic technology is its ability to process
biological samples and generate clinically relevant results despite
the chief obstacle of immunoassays: nonspecific interactions.
Finding a bright conjugate that functions well in assay conditions
without exacerbating the nonspecific signal was a challenge. Sev-
eral types of macromolecules were investigated, including SAPE
multimers, nanospheres, quantum dots, polymers, and DNA
dendrimers, but none exhibited both a universally efficient dose—
response and a low nonspecific background across multiple assays.
Only one class of macromolecular constructs containing dextran,
bovine serum albumin (BSA), biotin and antibody, in conjunction
with SAPE, has shown good performance across all tested assays.
Dextran-BSA-biotin (DBB) is a scaffold molecule, contains mul-
tiple biotin tags, and can also be decorated with multiple Fab
antibody fragments. This creates a multivalent conjugate that can
have super bright fluorescence after binding multiple SAPEs. The
DBB-Fabs used in this study are megadalton macromolecules
prepared by first cross-linking dextran (molecular weight 150,000
Da) with multiple BSAs and then activating with succinimidyl 4-
(N-maleimidomethyl)cyclohexane-1-carboxylate linker at 10x
molar excess. Next, anti-HIV recombinant Fab or anti-thyroid
stimulating hormone (TSH) recombinant Fab was reacted with
dextran-BSA at a 1:1 molar ratio (to the BSA). After purification,
N-hydroxysuccinimidobiotin was reacted with dextran-BSA-Fab at
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Fig. 3. Poisson distributions of peaks per microparticle in model assay. The readout of HDIA is always ratiometric (signal/area), but defining an area
equivalent to a single microparticle allows the data to be fit to Poisson distributions. The histograms show detected peaks per microparticle for three SAPE
concentrations: (A) 144 fM, (B) 48 fM, and (C) 16 fM. The fits show excellent agreement, signifying discrete signals (i.e., single antibody sandwich detection).
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10x molar excess. The resultant molecules are difficult to char-
acterize as they have a relatively broad size distribution (1 x 10° to
3 x 10° Da), and the overlapping absorbance spectra of BSA and
Fab prevent full characterization by spectrophotometry. Combin-
ing spectrophotometric and fluorescent correlation spectroscopy
(FCS) data suggests that there are roughly 12 to 16 BSA molecules
per dextran and a similar number of Fab fragments. Reacting 1:1
SAPE (~1 SA per PE) secondary conjugate with DBB-Fab creates
a further distribution of labels. The experimentally determined,
minimal peak-over-background discrimination level was obtained
using a series of SAPE multimers with known PE/multimer ratios.
The results suggested that five or more 1:1 SAPE labels bound to
a single DBB make it detectable. In the digital mode, a random
distribution of DBB brightnesses may lead to some intensity spikes
falling below the threshold and being ignored. However, this
cannot create a systematic bias. It might also appear that a DBB
brightness distribution could be an additional source of variation
in the analog mode, but after summing intensities across all the
microparticles within a frame and then selecting the median signal
across all the frames/sample, any such fluctuations will have been
averaged out.

To assess the performance of the HDIA technique in genuine
diagnostic assays, three Abbott assays were chosen. First, we
present a competitive estradiol immunoassay to demonstrate the
ease of implementing HDIA in a competitive format. Estradiol,
the most common estrogen, is an important target for monitor-
ing ovarian function. As a small hormone molecule (272 Da), it is
better suited to a competitive assay in which the estradiol in
patient sample competes with labeled synthetic estradiol for
binding sites on an anti-estradiol antibody-coated microparticle.
By simply exchanging the chemiluminescently labeled estradiol
tracer with biotinylated estradiol and adding a secondary 1:1
SAPE conjugate (SI Appendix, Fig. S3), we converted a com-
mercial diagnostic Abbott kit for use in estradiol-HDIA. This
competitive HDIA estradiol assay was compared with the on-
market chemiluminescence-based assay by measuring a standard
set of estradiol calibrators (0, 50, 100, 250, 500, and 1,000 pg/mL).
Fig. 4 shows that the results of the two assays are identical. Clearly,
the estradiol-HDIA exhibits equivalent diagnostic sensitivity and
spans the full clinically relevant range. It is important to under-
score that this conversion was completed with minimal reagent
modification and without laborious optimizations.

To expand the benefits of HDIA detection, two additional
standard Abbott immunoassays were modified to use DBB-Fab
conjugates and the following 1:1 SAPE fluorescent labels: a TSH
assay and a HIV p24 antigen assay. The TSH assay demonstrates
the utility of a broad dynamic range because both low and high
levels of TSH—as well as the degree of change from normal—are
clinically relevant. Therefore, a diagnostic TSH assay (SI Appendix,
Fig. S4) must be able to quantify an extremely broad range of TSH
concentrations. Twofold serial dilutions of a high concentration,
recombinant TSH protein stock were made using a buffer matrix.
Normal serum cannot be used because it contains endogenous
TSH. We have shown that HDIA detection in rigorously TSH-
depleted serum achieves equivalent background levels to the
buffer matrix (SI Appendix, Table S1). In this experiment, we
measured 18 TSH samples with concentrations ranging from 0.7
fM to 89 pM. Due to the broad range, a composite signal was
constructed, as in the model assay (Fig. 2), and plotted on a log—log
scale as a function of the starting TSH sample concentrations
(Fig. 54). By comparing the data with the linear fit (dotted line),
the highest TSH concentration signals are observed to flatten due
to the saturation of available binding sites. The lowest TSH con-
centration data point, 0.7 fM, has a signal-to-background ratio of
~2, which indicates the assay sensitivity limit. This assay spans five
orders of magnitude of TSH concentrations. In its sensitivity,
range, and linearity, TSH-HDIA significantly exceeds the perfor-
mance of all current commercial TSH diagnostic assays.
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Fig. 4. Competitive estradiol HDIA. The dose response of a competitive
format HDIA estradiol assay is compared with that of Abbott’'s on-market
chemiluminescence-based test by measuring six calibrator samples. The
normalized results are equivalent.

Two HIV p24 assay protocols (SI Appendix, Fig. S5) were used
to show the linearity and sensitivity of HDIA. To demonstrate
assay linearity (Fig. 5B), human-sourced HIV-1 viral lysate was
serially diluted into pooled viral-negative human plasma (0.2 to
83 pM). At these relatively high concentrations, only the analog
CPPs were recorded. These CPPs are plotted in Fig. 5B as a
function of p24 concentration (pM) along with a linear fit to the
data. The results show an excellent linear trend that would be
expected to continue up into higher picomolar concentrations
before saturating the available binding sites. Unfortunately, such
high concentration HIV samples were not available.

A second HIV p24 experiment (Fig. 5C) was focused on de-
termining the sensitivity of the assay using plasma samples with
femtomolar p24 concentrations (1.3 to 83 fM and a background
control). The assay was performed in triplicate, and the primary
incubation was 32 min. The longer reaction time increases the
amount of analyte captured by microparticles. At these low con-
centrations, the digital analysis approach was used. In Fig. 5C, the
PPA is plotted against p24 concentration (fM) along with a linear
fit. The data follow a linear dose-response down to the lowest
concentration measured, 1.3 M, which has a signal-to-background
ratio of 2.5 (Fig. 5C, table). Note that there is sufficient signal
amplitude to extend the assay into attomolar p24 concentrations if
better ways to reduce nonspecific background could be found. The
simplest path would be to further decrease the detection conjugate
concentration, but this results in much longer incubation times
and quickly becomes impractical. Single-molecule counting can
provide highly sensitive detection, but the fundamental constraints
of the antibody-antigen interaction and nonspecific binding set
the ultimate boundaries.

Discussion

Digital detection has gained some buzzword status in the diag-
nostics field, but there is nothing miraculous about digital analysis.
For example, whether counting targets or averaging intensity, the
analysis is performed on the same fluorescent images. The infor-
mation content is exactly the same. The advantage of digital
analysis is a few-fold improvement in signal-to-noise because in a
binary system consisting only of “ones” and “zeroes,” differentiat-
ing signal from noise is much simpler than in contiguous distribu-
tions. Genuine binary distributions are rarely found in biological
spheres such as diagnostics. Therefore, digital detection methods
are constructed to generate data that approximate a binary system
such that the discretization error is minimized. If this assumption is
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HIV Sensitivity Results Table

P24 [fM] PPA [kpx~'] SD
0.0 0.029 0.004
1.3 0.074 0.014
2.6 0.120 0.020
5.2 0.220 0.062

20.8 0.654 0.065
83.3 2.767 0.055

Fig. 5. HDIA in diagnostic applications. (A) High-concentration recombinant TSH samples were diluted in buffer matrix and incubated for 10 min with
microparticles, 5 min with DBB-Fab, and 5 min with 1:1 SAPE. The results are plotted on a log-log scale, accompanied by a linear fit (n = 3). (B) An HDIA HIV
assay (10 min with microparticles and DBB; 5 min with SAPE) was performed using a high concentration HIV sample and subsequent dilutions in negative
human plasma. The data were analyzed in HDIA analog mode and plotted against a linear fit (n = 4). (C) A longer assay format (32 min with microparticles
and DBB; 4 min with SAPE) was used to probe HDIA sensitivity in human plasma. The digitally analyzed results are plotted with a linear fit, and the associated

data table shows that the assay is sensitive down to ~1 fM (n = 3). Error bars:

valid, then the conversion of the data to a digital model suppresses
noise, as would the conversion of a noisy sinusoidal signal to a
square pulse. However, it is unlikely to improve the signal-to-noise
by more than an order of magnitude, and the less noisy the original
analog signal, the less there is to be gained by a digital approach.

In a true binary diagnostics experiment, the dose-response a
priori would be absolutely linear, but in practice, this doesn’t
happen. Therefore, diagnostic assays always employ a calibration
curve, constructed from known samples, so that a monotonically—
or even a piecewise monotonically—increasing or decreasing
dose-response can be accurately correlated with analyte concen-
tration. Because of the complexities of the multistep assay process
(probabilistic capture, detection, and labeling), as well as other
losses due to surface adhesion and washing, neither an analog nor
digital approach can return absolute analyte numbers. A calibra-
tion curve must always be used to translate the measured signal
into an analyte concentration.

The remarkable single-molecule sensitivity of HDIA depends
on the ability to detect and count single intensity peaks, which on
the surface, sounds trivial. Microparticles provide an enormous
advantage in terms of capture capacity, ease of washing, and au-
tomation. However, most polymer microparticles exhibit auto-
fluorescence so that the binding surface itself has an inherent
fluorescent background. To date, we have not found a completely
nonfluorescent magnetic microparticle that also maintains good
population homogeneity and robust surface coating properties.
Therefore, the fluorescent label must be bright enough to be re-
solved from the autofluorescent background. A single fluorophore
dye does not meet this criterion, nor even a very bright fluorescent
protein with multiple chromophores such as phycoerythrin. The
solution then is a macromolecular conjugate that contains anti-
bodies, or antibody fragments, as well as a number of bright flu-
orophores. DBB-Fab is, thus far, the only conjugate family which
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mean + SD.

exhibits robust dose-responses and minimal nonspecific binding
across a range of diagnostic assays.

Theoretically speaking, since HDIA can detect single mole-
cules, its potential detection ability approaches infinity. Of
course, that ignores the issue of bringing said molecules within
the detector’s purview and also discounts the background. The
next level of pragmatism in comparing fact to theory is to con-
sider a clean system, as described in Fig. 2, involving merely the
capture and signal-generating constructs in a simple buffer. The
minimum sensitivity is then limited by signal-to-background.
From the Fig. 2 data, a typical control sample (nine images) was
observed to contain ~2 peaks. As the nine images cover only
12% of the available 96-well surface area, this should be multi-
plied by 8 to get a total of 16 peaks of background in a 100 pL
sample. Requiring a signal-to-noise ratio of 3, we calculate the
minimum clean system detection sensitivity to be 48 molecules/
100 pL or 800 zeptomolar. This is an impressive potential de-
tection limit, but even in the dramatically simplified model sys-
tem, the detection limit was 30 aM (Fig. 2), 40-times higher than
the calculated limit. First and foremost, this is a consequence of
binding efficiencies. We never capture all of the available analyte
in a given sample. In fact, between binding kinetics, capture ef-
ficiency, conjugate binding efficiency, and detection efficiency,
less than 5% of the available analyte contributes to the final
results. In summary, physical chemistry, the practical constraints
of sample handling, and the difficulty of collecting scarce target
molecules cannot be eliminated by a detection method, be it ever
so sensitive and flexible. HDIA and other single-molecule de-
tection approaches offer improvements but stand upon the
fundamental strengths and weaknesses of immunoassays.

HDIA offers simplicity, fewer steps, and greater flexibility
than digital ELISA (SI Appendix, Fig. S1). Dynamic range is
critical in many diagnostic assays, and HDIA’s advantage here
deserves reiteration, as digital ELISA has inherent constraints
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limiting measurements at high concentrations. HDIA can also be
straightforwardly implemented in a competitive format, used to
quantify small molecules such as steroid hormones, thyroxines,
and various drugs. Moreover, HDIA uses many of the same re-
agents as standard immunoassays, eliminating much of the ac-
companying development and optimization work, as would be
necessary for competitive digital ELISA (36). Nevertheless, for
both single-molecule techniques, the chief weakness—and most
continuous fight in designing assays—remains the presence of
nonspecific binding events, which stems from assay conjugate/
reagent interactions and clouds the detection signal. Because
nonspecific interactions strongly depend on the specific reagents
involved, they vary from assay to assay. Therefore, thorough
experimental tinkering remains an essential part of the art of
assay development.

HDIA can trade against the advantages of single-molecule sen-
sitivity to enhance other aspects of assay performance. For example,
the simplest way of confronting nonspecific binding is to reduce the
concentration of labeled conjugate. However, this also slows the
reaction kinetics. Similarly, increased washing and detergents re-
duce background but usually decrease genuine signal. A more
sensitive detection technique provides an edge in low signal situa-
tions, which can be used to the optimize signal-to-noise, shorten
reaction times, or minimize sample volumes, as fewer targets ar-
riving at the detector will still produce meaningful results.

In summary, HDIA combines the advantages of magnetic
microparticle-based immunoassays with direct single-molecule
counting. It covers a wide dynamic range of concentrations
while simultaneously achieving single-molecule sensitivity. The
flexibility of the imaging approach simplifies background dis-
crimination and multiplexing. All this can be accomplished with
simple assay protocols and reduced sample and reagent volumes.
These advantages, combined with a ratiometric readout, make
HDIA an excellent technology for improved signal detection and
implementation in the highly automated, high-throughput world
of clinical immunoassay diagnostics.

Materials and Methods

Microscope Instrumentation. An inverted IX83 microscope (Olympus) was used
to measure samples with bright-field illumination from a pE 100 white light-
emitting diode (LED) (CoolLED) and excitation light produced by an X-Cite
Xylis LED illumination system (Excelitas) in conjunction with a Cy3 Olympus
filter cube set (Edmund Optics). The detection setup employs a 20x air ob-
jective (UPlanSApo, numerical aperture = 0.75, Olympus) and a PCO.panda
camera (PCO). Microparticles in 96-well optical-bottom plates (Thermo Fisher
Nunc) were pulled down by 1 to 2 s of resting on neodymium magnets
(DynaMag-96 bottom, Thermo Fisher). MetaMorph software (Molecular
Devices) coordinated imaging measurements, directing a ProScan Ill xy-stage
(Prior Scientific Instruments) to acquire one bright-field image (100 ms, 1.3%
LED power) and one (or two) fluorescence image(s) (10 and 100 ms, 25% LED
power) at nine positions within each 96-well plate. Olympus ZeroDrift 1X3-
ZDC2 maintained focus throughout the measurement. Image processing
algorithms—written in Metamorph, Matlab, and R—removed very large or
very bright aggregates, determined total pixel area of the microparticles,
and evaluated total microparticle fluorescence intensity and/or numbers of
peaks above a threshold. The ratio of the number of PPA of interest as well
as the intensity CPP area were recorded for each image, and the median PPA
and median total intensity values from the nine positions were reported for
each sample. Median values are used because it is difficult to remove all
fluorescent artifacts during image processing without compromising genu-
ine data; the median therefore returns much more robust results than the
mean. When seeking to measure very low analyte concentrations, the me-
dian is replaced with a modified robust mean. For high concentration
samples, these return virtually identical results, but at very low concentra-
tions, the median and a standard robust mean will almost always return a
value of zero since most images contain no peaks. Under these circum-
stances, when the median equals zero, the modified robust mean has been
programmed to reintroduce rejected images which contained either one or
two peaks and then recalculate the mean.
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Conjugate Characterization. SAPE and DBB macromolecules were character-
ized by FCS. Six SAPE multimers from Agilent—PJ39S, PJRS27, PJRS25, PJRS34,
PJRS20, and PJRS301—were diluted 50-fold in a commercial zwitterionic
sulfonic acid buffer system (HBS-EP, GE Healthcare). Then, 50 pL of each
SAPE multimer along with 50 pL of monomeric phycoerythrin were loaded
into a 384-microwell plate and measured on an FCS instrument at 780 nm,
2.5 mW laser power after the objective and 50 kHz sampling frequency,
acquiring 10 million data points per sample (S/ Appendix, Fig. S6). The data
were subdivided into 5,000-point segments (0.1 s) analyzed using G(1)
analysis code written in IDL software (Harris Geospatial). This results in
brightness histograms (2,000 occurrences) for each sample, showing the
distribution of brightness species within in SAPE multimer sample (S/ Ap-
pendix, Fig. S7).

To characterize the synthesis of dextran-BSA, dextran-BSA was labeled
with Alexa-488, purified with a Zeba column (Thermo Fisher), and measured
on a Cary 4000 spectrophotometer (Agilent) to determine BSA concentra-
tion (BSA-g280 = 43,824 cm™' - M™", Dextran-e,go = 0). DB-AF488 was further
diluted and the number of molecules determined by FCS, yielding a ratio
with the previously determined BSA concentration to be an average of ~15
BSA molecules per dextran scaffold.

Model Assay. Magnetic microparticles, 4.7 um diameter, as described below,
were biotinylated to allow direct conjugation with SAPE multimers (~12 PE
per multimer, PJS34, Agilent). SAPE multimer stock concentration was de-
termined by a combination of absorbance and FCS measurements. SAPE
multimers were diluted to 250 pM in Architect wash buffer (phosphate
buffer, Abbott Laboratories). The same 250 pM stock of SAPE multimers was
used to generate 1) 24 samples—1 mL, twofold dilutions from 250 pM to
0.03 fM; and 2) 16 samples—10 mL, twofold dilutions from 488 fM to 30 aM
as well as a zero control. Each sample (100 pL) was placed in an optical-
bottom 96-well plate (Nunc, Thermo Fisher) along with microparticles (5
puL, 0.1% solids) and incubated, shaking at 37 °C for 60 min. After incubation,
all samples were washed on a microplate washer (Biotek) and measured on
the fluorescence microscope.

TSH Assay. Magnetic microparticles, 4.7 pm diameter (PL6604-0090AB, Agi-
lent), were coated with anti-TSH antibody (Abbott) for antigen capture.
DBBs labeled with anti-TSH Fab (Abbott) were used as the primary conju-
gate, with 1:1 PE:SA labels as the secondary conjugate. The 100 puL samples
from twofold serial dilutions of TSH calibrator (89 pM, Abbott, recombinant
TSH in Tris buffer) diluted in Architect Calibrator 1 buffer matrix (Abbott,
Tris solution) and 2.5 pL microparticles (0.1% solids) were pipetted into a
96-well plate along with a buffer matrix only control. Following a 10 min
incubation, there was a 1 min wash in Abbott blocking buffer, a second
5 min conjugate binding step with 50 pL DBB-Fab in blocking buffer, a de-
tergent wash step, a final 5 min binding step with 50 pL 12 nM SAPE con-
jugate, and 3 x 100 pL washes in detergent buffer (Architect wash buffer,
Abbott). The sample plate was processed on a KingFisher magnetic micro-
particle processor maintained at 37 °C. The completed assay microparticles
were transferred to an optical-bottom 96-well plate and imaged.

HIV p24 Assay. Magnetic microparticles, 4.7 pm diameter (PL6604-0090AB,
Agilent), were coated with anti-p24 antibody (Abbott) for antigen capture.
DBBs labeled with anti-p24 Fab (Abbott) were used as the primary conju-
gate, with SAPE (~1:1 PE:SA, PJ39S, Agilent) binding to the DBB-Fab as the
secondary conjugate/signal-generating molecule. Human-sourced, purified
HIV-1 viral lysate with high HIV p24 levels was serially diluted into pooled,
recalcified viral-negative human plasma as described in the HIV Ab/Ag
Combo assay package insert (http://www.corelaboratory.abbott/us/en/
offerings/segments/infectious-disease). The p24 levels were determined
using the Abbott HIV Ab/Ag Combo assay, generating a concentration panel
ranging from 83 pM to 200 fM, along with a plasma-only background
control. Using a protocol similar to the TSH assay above, 100 pL p24 sample,
5 pL microparticles (0.05% solids), and 50 uL DBB-Fab diluted in a blocking
buffer (Abbott) were incubated at 37 °C for 10 (or 32) min, washed 5 (or 4)
min with SAPE, washed three more times, and imaged.

Data Availability. All study data are included in the article and/or S/ Appendix.
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