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Single-molecule enzyme-linked immunosorbent assay
detects serum proteins at subfemtomolar concentrations

David M Rissin'*, Cheuk W Kan'*, Todd G Campbell!, Stuart C Howes!, David R Fournier!, Linan Song’,
Tomasz Piech!, Purvish P Patel!, Lei Chang!, Andrew ] Rivnak!, Evan P Ferrelll, Jeffrey D Randall!,

Gail K Provuncher!, David R Walt> & David C Duffy!

The ability to detect single protein molecules!-2 in blood could
accelerate the discovery and use of more sensitive diagnostic
biomarkers. To detect low-abundance proteins in blood, we
captured them on microscopic beads decorated with specific
antibodies (one target protein molecule per bead) and then
labeled the with an ymatic reporter
capable of generating a fluorescent product. After isolating
the beads in 50-fl reaction chambers designed to hold only
a single bead, we used fluorescence imaging to detect single
protein molecules. Our single-molecule enzyme-linked
immunosorbent assay (digital ELISA) approach detected
as few as ~10-20 enzyme-labeled complexes in 100 pl of
sample (~10-1% M) and routinely allowed detection of clinically
relevant proteins in serum at concentrations (<10-15 M) much
lower than conventional ELISA®-5. Digital ELISA detected
prostate-specific antigen {PSA} in sera from patients who have
radical at ions as low as

14 fg/ml (0.4 fM).

The clinical use of protein biomarkers to differentiate between healthy
and disease states, and to monitor disease progression, requires the
measurement of low concentrations of proteins in complex samples.
Current immunoassays typically measure proteins at concentrations
above 10-'7 M?, The serum concentrations of the majority of proteins
important in cancer”, neurological disorders®?, and the early stages of
infection'®, however, are thought to range from 10-*¢ to 10-*2 M. For
instance, a 1-mm* tumor composed of a million cells that each secrete
5,000 proteins into 5 liters of circulating blood translates toa concen-
tration of ~2 x 1071 M (or 2 fM). Moreover, serum from individuals
recently infected with HIV contains 10-3,000 virions per ml, resulting
in estimated concentrations of the p24 capsid antigen ranging from
50 1071 M (50 aM) to 15 10715 M (15 fM)*°, Attempts to develop
methods capable of measuring these concentrations of proteins have
focused on the replication of nucleic acid labels on proteins!1 1%, or
on measuring the bulk, ensemble properties of labeled protein mol-
ecules'> 1%, The work of Mirkin ef al.'™!” and others'® using labels
based on gold nanoparticles and DNA bicbarcodes has pushed the
detection of proteins into the low femtomolar range; a recent report

using this technology demonstrated the detection of 10 fM of PSA.
in serum!”. Nonetheless, the sensitivities achieved by methods for
detecting proteins still lag behind those for nucleic acids, such as
PCR, limiting the number of gene products that have been detected
in blood® %, The isolation and detection of single protein molecules
provides a promising approach for measuring extremely low con-
centrations of proteins' 2. For example, Todd ef al.? have developed
flow-based methods for serially detecting single Auorescently labeled
detection antibodies that have been released from immunocomplexes
formed on solid subst rates. Here, we report an approach for detect-
ing thousands of single protein molecules simultaneously using the
same reagents as the gold standard for detecting proteins, namely,
the ELISA. This method has been used te detect proteins in serum at
subfemtomolar concentrations.

Our approach makes use of arrays of femtoliter-sized reac-
tion chambers (Fig. 1)—which we term single-molecule arrays
(SiMoAs)—that can isolate and detect single enzyme molecules?®4
This approach builds from the work of Walt ef al.”%->%, who used these
arrays to study the kinetics™ and inhibition®® of single enzymes. Our
objective was to explait the ability of SiMoAs to trap and detect single
enzymes to detect single enzyme-labeled proteins. In the first step
of this single- molecule immunoassay (Fig. la) a sandwich antibody
complex is formed on microscopic beads (2.7 um diameter), and the
bound complexes are labeled with an enzyme, as in a conventional
‘bead-based ELISA. Whenassaying samples containing extremely low
concentrations of protein, the ratio of protein molecules {and the
resulting enzyme-labeled complex) to beads is small (typically <1:1)
and, as siich, the percentage of beads that contain a labeled immuno-
complex follows a Poisson distribution. At low concentrations of
protein, the Poisson distribution indicates that beads carry either a
single immunocomplex or none. For example, if 50 aM of a protein
in 0.1 ml (3,000 molecules) is captured and labeled on 200,000 beads,
then 1.5% of the beads will carry one protein molecule and 98.5% will
not carry any protein molecules (Fig. 1b)?Z. It is not possible to detect
these low numbers of enzyme labels using standard detection techno-
logy (for example, a plate reader), because the fluorophores generated
by each enzyme diffuse intoa large assay volume (typically 0.1-1 ml),
and it takes hundreds of thousands of enzyme labels to generate a
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+ Lowcost consumable
t 24 arrays/disc
t 240 results/disc (1{plex)

+ 216,000 5&emtoliter wells per
array
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