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Introduction—counting molecules is as good as it gets
As analytical chemists, the highest resolution measurement one can make is at the single
molecule level—it just doesn’t get any better than that. To determine the concentration of a
molecule in solution, the best way is to count the number of molecules in a given volume.
As long as the volume contains a statistically large enough number of molecules and is
above the Poisson noise limit, molecular counting is the absolute best way to make an
accurate measurement. Molecular counting is the method of the future and is beginning to be
performed today.

In addition to counting, single molecule analysis provides a resolution that cannot be
obtained with ensemble measurements. Ensemble measurements are averages—small or rare
differences between ostensibly identical molecules cannot be detected. Let’s do a simple
thought experiment. If we have a 3000 amino acid protein with a known sequence and we
analyze it using any analytical method—x-ray diffraction, NMR spectroscopy, or mass
spectrometry, it will give the predicted structure or spectrum. We can predict the protein
sequence from the DNA sequence so it should be no surprise that the protein sequence is
identical to our prediction—after all, the genetic and protein codes have been known for
nearly 50 years. But wait! There are errors that occur in transcription (DNA to RNA) and
errors in translation (RNA to protein). Cumulatively, these error rates are between one in a
thousand to a few per ten thousand1. With a 3000 amino acid protein, this means that there
will be between 0 and 3 errors per molecule!!! In other words, virtually no two of the
molecules will be identical because the errors are random. So, while the ensemble
measurement gives exactly what we would predict because the average spectrum or crystal
structure converges on the predicted structure, in reality we have a heterogeneous mixture of
molecules. This heterogeneity can have dramatic implications for biochemistry and biology.
For example, if these protein molecules are enzymes, each molecule may have a slightly
different rate or specificity. Even small proteins, where some molecules will have identical
primary sequences, will exhibit different conformations. Naturally-occurring isotopes give
the same molecular heterogeneity, which can result in different rates of reactions of different
molecules in the population. Only by detecting and analyzing these single molecules will we
be able to fully characterize a population of molecules and thereby understand their
behavior.

This Feature describes single molecule detection and analysis methods but focuses on
optical methods. Moerner2 is credited with performing the first spectroscopic measurements
of single molecules. Much of his seminal work and of others is in the realm of basic
biophysics and will not be discussed in this Feature.

Historical—Rotman wins by a mile
The first single molecule measurement was performed in 1961 by Boris Rotman at Stanford
Medical School3. Rotman sprayed a solution containing β-galalactosidase and a fluorogenic
substrate over a silicone oil preparation to create droplets in oil. By waiting for several
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hours, Rotman was able to detect and measure the presence of individual enzyme molecules
by observing which droplets became fluorescent.

A second demonstration of optical single molecule detection was performed by Hirschfeld 4.
Hirschfeld labeled MW 20000 polyethyleneimine with 80–100 molecules of fluorescein
isothiocyanate and then conjugated this highly fluorescent polymer to γ-globulin. Using
total internal fluorescence detection, the labeled proteins were illuminated by a high
intensity laser with sufficient power to photobleach the labeled molecules. This approach
was taken in order to collect as many photons as possible as the detectors were not nearly as
sensitive as today’s integrating detectors. By carrying out the detection at a known
concentration, the expected number of fluorescent detection events was observed. This work
was important in that it was the first single molecule measurement that did not employ an
enzyme, it used immobilization to localize the molecules, and was the first to use total
internal reflection for single molecule measurements.

Years later, Xie and Yeung5, followed soon thereafter by Dovichi and coworkers6, isolated
single enzyme molecules (lactate dehydrogenase and alkaline phosphatase, respectively) in a
capillary column and observed the formation of a fluorescent product. Dovichi used a
capillary electrophoresis tube and was able to apply a pulse to move the product away from
the enzyme so repeated kinetic measurements could be carried out on the same enzyme
molecule. They observed that different enzyme molecules exhibited different activities. This
observation has been corroborated many times.

Optical Methods for Single Molecule Analysis—General Considerations
Analog vs. Digital

Optical methods for analysis are based on either absorbance or fluorescence. Fluorescence is
more sensitive because it is intrinsically amplified as each fluorophore emits thousands to
perhaps a million photons before it is photobleached. With either absorbance or
fluorescence, the more of the absorbing or fluorescing species present, the higher the
absorbance or fluorescence signal. One can think of this type of measurement as an analog
signal—the higher the signal the higher the concentration of the species being measured
(Figure 1, top). In contrast, single molecule measurements are digital in nature. Each
molecule generates a signal that can be counted (Figure 1, bottom). It is much easier to
measure the presence or absence of signal than to detect the absolute amount of signal—i.e.
counting is easier than integrating. In fact, one could argue that the future of all analytical
measurements will be molecule counting. It cannot get any better.

Size and Volume Considerations
The earliest method to detect single molecules was to interrogate extremely small volumes.
Detection was performed in a serial fashion either by allowing a laser to scan a sample or by
flowing a solution through a tightly focused laser spot. As a molecule transits the volume
illuminated by the laser spot, it can be detected as a burst of fluorescence. A simple thought
experiment is depicted in Table 1. For example, if a single molecule is confined to a cubic
micron, corresponding to a femtoliter volume, the concentration is 1.5 nM. At that
concentration, most fluorophores can be detected easily. So it’s not that difficult to detect a
single molecule as long as one knows where to look. But there is a catch. At a concentration
of 1 femtomolar, there are 600 molecules per microliter (Table 2) but there are 109

femtoliter volumes per microliter. So one may have to look at over a million femtoliter
volumes before detecting a single molecule! Consequently, most flow-based single molecule
detection systems work in the picomolar concentration range, which enables a statistically
meaningful number of events to be measured while still keeping things dilute enough such
that it is improbable for multiple molecules to simultaneously occupy the interrogation
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volume. These types of measurements take a long time and cannot access extremely low
concentrations of analyte.

Numbers vs. Concentration
A related, but one of the most confusing aspects of single molecule detection methods, is the
difference between measuring concentration and detecting an absolute number of molecules.
As can be seen from Table 2, 100 µL of a 1 fM solution contains 60000 molecules—plenty
of molecules to detect. The problem is that many serial methods that interrogate small
volumes cannot measure 100 µL—it simply would take too long to interrogate such a large
volume when there is only 1 fL in the focal volume. Even if one were able to measure one
thousand 100 fL volumes per second, it would take a million seconds to interrogate the
entire 100µL volume. Consequently, most serial measurements are performed using higher
(nanomolar to picomolar) concentrations. In this way a statistically significant number of
molecules can be detected in a short time frame. In such cases, assay limits of detection are
sometimes given in absolute numbers of molecules detected or an absolute amount of
analyte—for example, if 10 nL of a 1 nM analyte solution are analyzed, one can claim a
limit of detection of 10 attomoles. But the really important measurement and the biggest
challenge is the concentration. Many single molecule measurements get around the low
concentration problem by performing a pre-concentration step prior to the detection step. In
this way, a dilute solution containing a few molecules can be converted into a smaller
volume with a much higher concentration.

Poisson sampling
The last major issue with making ultra-low concentration measurements using these single
molecule techniques is molecular shot noise, which is a function of Poisson sampling.
Poisson sampling has several implications. First, for extremely low concentration analytes,
such as viruses that may be present at 100 copies per milliliter of blood, a microliter sample
is more likely to not contain a virus than to contain one. It is therefore important that the
sample volume is sufficiently large to ensure that there are sample molecules present or that
a negative result is truly negative and not a consequence of sampling. Second, as pointed out
by Chen and Dovichi for electrophoretic analysis of single molecules7, molecular shot noise
due to sampling affects precision. These authors recognized that 10000 molecules must be
detected in order to obtain a 1% relative precision (the square root of the number of
molecules measured). The molecular shot noise due to these sampling processes affected
characterization of the peak center and width in electropherograms, using single molecule
detection of β-phycoerythrin. This sampling issue also makes single molecule detection a
challenging proposition for measuring rare events. With small interrogation volumes, one
can observe single molecules transiting across a laser beam. As illustrated above, even a
microliter contains a billion femtoliter volumes, which takes time to interrogate. In such
cases, it is therefore necessary to concentrate the analytes into small volumes before
interrogating them with a laser.

A commercial platform that uses this preconcentration approach is the Erenna system from
Singulex8. In this system, a sandwich immunoassay approach is used. Protein analytes are
captured on magnetic particles using capture antibodies. A labeled detection antibody that
recognizes a different epitope on the protein is then used to bind to the protein molecules
captured on the magnetic particles. The labeled detection antibodies contain a fluorophore.
After washing to remove non-specifically bound labeled Ab, the labeled Abs are released
from the magnetic particle by urea to disrupt the protein Ab interactions. The released
labeled Ab is then put into a capillary system and the number of fluorescent labels is
counted as they transit a laser focal spot.

Walt Page 3

Anal Chem. Author manuscript; available in PMC 2014 February 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Amplification
Amplification is an essential part of many single molecule detection techniques. One method
of amplification is to use a label—a fluorescent dye or quantum dot, that emits many
photons per label instead of relying on some intrinsic optical property of the analyte
molecule. An alternative label is an enzyme that can be used to generate many molecules of
detectable product by catalyzing the conversion of substrate molecules into detectable
product molecules. For example, β-galactosidase catalyzes the formation of hundreds of
molecules per second of highly fluorescent resorufin molecules from non-fluorescent
substrate molecules. This reaction has the double advantage in that it amplifies the label (one
enzyme molecule produces thousands to millions of product molecules) and the product
molecules are fluorescent, which are intrinsically amplified. Another way to amplify single
molecules is by replicating the molecules of interest. This approach is the basis for many
nucleic acid detection schemes in which a single molecule is amplified using, for example,
the polymerase chain reaction (PCR).

Virtually all optical methods for single molecule detection and analysis are indirect in that
they are not detecting the molecule of interest but a label that is associated with the
molecule. Single molecule optical methods are primarily based on fluorescence because of
its intrinsic amplification. Most analyte molecules do not fluoresce so direct measurements
cannot be performed. Absorbance based single molecule methods are more challenging due
to the low absorption cross sections of a single molecule—think Beer’s Law where the path
length is one molecule thick. Refractive index (RI) changes could also be considered optical
methods and also suffer from the high sensitivity required to measure an RI change of a
single molecule. Both absorbance and refractive index-based single molecule methods
require much more sensitive and complicated instrumentation relegating them to
sophisticated laboratory measurements.

Methods and Applications are Diverse
One of the most active areas for single molecule analysis and detection is in the area of
nucleic acid (NA) measurements. Nucleic acids can be amplified by the polymerase chain
reaction (PCR). PCR enables single molecule detection in a variety of ways. Digital PCR is
a method in which DNA is diluted until there are either one or zero molecules in a given
volume9,10. This method was originally performed in microtiter plates but is now performed
by partitioning small volumes using water in oil emulsions or microfluidics (Quantalife,
Fluidigm, RainDance). All the necessary PCR reagents are included in the sample and the
sample is then partitioned into droplets. Once partitioning is completed, PCR is carried out
by thermal cycling. Samples containing the DNA sequence of interest are amplified and the
amplification products are detected using a variety of fluorescence methods. In this manner,
the number of single NA molecules with a specific DNA sequence is determined by
counting the number of fluorescent droplets relative to the number of droplets with no
signal.

For single molecule sequencing, there are two optical methods that have been employed. In
the first method, developed by Quake and commercialized by Helicos, single stranded DNA
template molecules are first captured on a surface. For sequencing, a sequencing-by-
synthesis (SBS) method is employed11. The captured template DNA is exposed to a primer
and then to a solution containing DNA polymerase and a fluorescent nucleotide. If
incorporation of a nucleotide occurs, it means that base has been incorporated into the
growing complementary strand of the template. The fluorescence is read using a TIRF-based
Heliscope™ that records the positions where the DNA strand has incorporated a fluorescent
nucleotide. This process continues for the other three nucleotides. The fluorescent labels are
removed and the process is continued for the next base. The advantage of this system is it
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enables billions of molecules to be captured and sequenced. The disadvantage is that the
system needs to be sensitive to single molecules and is therefore expensive.

Alternative next generation sequencers using optical interrogation are based on SBS
chemistry but generate “clusters” of DNA. Each cluster starts with a single DNA template
molecule bound to a surface but uses a surface amplification method, similar to PCR in
many respects, to make many copies of each molecule confined close to the original DNA
template molecule. The only challenge is to keep the density of the template molecules low
enough that the clusters do not grow into one another. SBS chemistry can then be conducted
on these clusters and imaging is much easier because the signal emanates from many
hundreds to thousands of identical molecules. While the method is not really single
molecule detection, the origin of the signal can be traced to a single molecule. The
advantage of this approach is the imaging sensitivity is significantly relaxed. The
disadvantage is that there is a cluster generation step required and the fidelity of replication
is not 100%, which can lead to errors in sequencing. On the other hand, there are many
replicates of each template molecule in all SBS systems such that errors in reading one
sequence are inconsequential because many reads of each sequence take place.

Another true single molecule detection sequencing method is based on work by Webb and
coworkers and commercialized by Pacific Biosciences12. In this approach a zero mode
waveguide is employed in which nanoscale wells are fabricated. The resulting optical
signals are therefore limited to those signals that arise very close to the surface and confine
the reaction to zeptoliter volumes. A single DNA polymerase is attached to each well and a
DNA template molecule is then allowed to bind to the polymerase. Four differently labeled
fluorescent nucleotides are then added and the polymerase begins to catalyze the
incorporation of nucleotides complementary to the template strand. As the fluorescent
nucleotides bind, the color of the complementary nucleotide resides in the ZMW long
enough to be read during which the base is incorporated, the fluorescent label is cleaved and
then diffuses away. Only the complementary nucleotide binds and provides a sufficient
signal. Non-complementary nucleotides that diffuse into the interrogation volume do not
reside in the volume long enough to provide a measurable signal and simply contribute to
the background. The process continues with the next nucleotide. This system operates
continuously and does not require sequential addition of nucleotides to read each base. The
system provides long reads. The method is still an indirect one in that the sequence must be
transduced into an optical signal.

A completely different approach to single molecule optical detection was taken by Fraser
and coworkers13. They employed a high Q (quality) factor optical microcavity resonator—a
whispering gallery mode structure consisting of a toroidal silica microring coupled to an
optical fiber. In this system, the light “circulates” in the microring and samples the solution
in the evanescent field just outside the ring structure. The resonant frequency of the
resonator changes upon binding to the surface of the microring, which can be functionalized
with binding reagents such as antibodies. Single molecule sensitivity is achieved because the
bound molecule is heated and perturbs the resonant frequency via a thermo-optic effect.
Single molecule binding events can be observed as stochastic changes in the resonant
frequency when the microcavity toroid is immersed in a solution containing analyte
molecules.

Another widely used method for single molecule detection is based on capturing molecules
on surfaces and then counting the number of captured molecules after a given time. Total
internal reflection fluorescence (TIRF) single molecule methods have been developed by Ha
and coworkers including both FRET and pull down methods14,15. In these methods (Figure
2), a capture agent, such as a capture antibody attached to the surface, binds the analyte and

Walt Page 5

Anal Chem. Author manuscript; available in PMC 2014 February 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



then a fluorescent labeled detection antibody is added that recognizes a different epitope.
The resulting labeled complex can be visualized using TIRF. This method uses sensitive
detection to visualize the captured species. A different tack is taken by Schultz and
coworkers16. They use colloidal silver plasmon resonant particles (PRPs) that scatter light in
a highly efficient manner and can be designed to scatter at many different wavelengths.
These highly visible labels can be used to visualize binding using sandwich format assays.
In the case of TIRF, the sensitive detection of the instrument enables single molecule
detection whereas with highly visible labels, the detection instrument does not need to be
sensitive.

In my laboratory, we have developed a single molecule detection method based on using
enzymatic amplification17. Using methods similar to the single molecule pioneers, we first
capture the analyte onto a surface—in our case we use fiber optic microwell arrays
containing 50000 wells. The microwells are approximately 4 µm in diameter and 3 µm deep
giving a volume of approximately 40 fL. We first capture the analyte but we do so such that
there is either zero or one captured analyte molecule in each microwell. A detection reagent
that is labeled with an enzyme is then used to form the sandwich. We use β-galactosidase as
the label. After washing to remove any non-specifically bound reagents, we seal the
microwells with a fluorogenic substrate onto a PDMS membrane. Any well that contains an
enzyme, as a consequence of the formation of a sandwich complex, will convert the
substrate into a fluorescent product. The enzyme converts hundreds of molecules of
substrate into product per second so within a few seconds there is nanomolar or higher
concentrations of fluorescent product. The key to the success of this assay format is that the
product cannot diffuse away because the microwells are sealed. After a few minutes, the
wells containing enzyme-labeled analyte are highly fluorescent while the wells with no
analyte are black. Simply counting the ratio of fluorescent wells to the unlabeled wells
provides the concentration of analyte in the original sample solution. The key for all three of
these capture methods (TIRF, PRP labels, enzyme labels) is that, for quantification, the
incubation times need to be kept constant because longer times will give more bound
molecules.

The biggest problem with capturing analyte molecules on a surface is the long time required
to capture molecules at low concentration. Robert Corn of the University of California-
Irvine calls this slow binding the “tyranny of the Langmuir binding isotherm”. For 1 fM
analyte concentrations binding to a capture antibody immobilized on a surface, it takes
nearly a year to come to equilibrium. One obviously can’t wait a year to make a
measurement but for single molecule detection methods, an hour of binding is often
sufficient to capture a sufficient number of molecules to detect. Even the initial part of the
binding curve provides enough molecules for these methods.

To solve the inefficiencies with binding, Duffy and coworkers use a sample preparation step
that concentrates the molecules (Figure 3)18. Microspheres with capture agents attached to
the surface can be used to concentrate a dilute solution of molecules. Capture reagents
(DNA probes or antibodies) are attached to the surface of microspheres. 3 µm beads
typically contain approximately 250,000 attachment sites so one can think of each bead as
having a “lawn” of capture molecules. The beads are added to the sample solution such that
there are more beads than molecules. As can be seen in the table above, 100 µL of a 1fM
solution contains 60000 molecules. Typically 500,000 beads will be added to a 100 µL
sample. There are two advantages for adding so many beads. First, at a roughly 10:1 bead to
molecule ratio, which is in the Poisson regime, each bead captures either one or zero
molecules. Second, with so many beads in solution, the bead-to-bead distance is short such
that every molecule encounters a bead in less than a minute. Diffusion of the target analyte
molecules, even large proteins, occurs on a timescale such that with only a 30 minute

Walt Page 6

Anal Chem. Author manuscript; available in PMC 2014 February 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



incubation, all the molecules should have multiple collisions with multiple beads. In this
manner, the slow binding to a fixed capture surface is avoided and the efficiency of binding
increases dramatically. The remainder of the steps is the same—beads are washed to remove
non-specifically bound proteins, incubated with biotinylated detection antibody, and then
with β-gal labeled streptavidin. In this manner, each bead that has captured a single protein
molecule is labeled with an enzyme. Beads that do not capture a molecule remain label free.
The beads are then loaded into the same microwells as described above, sealed with
substrate, and then the substrate is converted to a fluorescent product by captured enzyme
label. The ratio of the number of wells containing a bead with an enzyme label to the total
number of wells containing a bead corresponds to the analyte concentration in the sample.

One of the biggest challenges with all these protein detection methods is non-specific
binding (NSB)—non-target molecules that bind and are counted. Non-target molecules
include high concentration proteins in the sample, proteins that resemble the target
molecule, or enzyme molecules or other labels that ultimately are detected. NSB sets a
background “floor”. The number of background molecules requires that one must detect
three times the standard deviation of the background before one obtains a meaningful
analytical result. Consequently, many single molecule methods, while intrinsically able to
detect a single molecule, cannot provide particularly sensitive detection limits because NSB
is high. Techniques for reducing NSB include many surface modification approaches that
attempt to passivate the surface so that it does not attract proteins. A related issue is the non-
specific binding of the analyte molecule to surfaces during the assay protocol. Glass and
plastic adsorb proteins and many other molecules to some extent. When analyte
concentrations are in the femtomolar and lower concentration range, loss of analyte to these
surfaces can deplete the sample and produce erroneous results. Consequently, care must be
taken to passivate these surfaces and to minimize transferring samples from one vessel to
another.

Another issue with single molecule detection is when a low absolute number of molecules is
being detected, one encounters a serious problem with Poisson noise. In this situation, the
uncertainty of the measurement is √n where n is equal to the number of molecules counted.
For example, if four molecules are counted, then the uncertainty of the measurement is 4±2,
which makes for a CV that is analytically unacceptable. Consequently, the intrinsic
uncertainty of the measurement at low concentrations may relegate the measurements to
semi-qualitative or qualitative. Such measurements are not without value—for example, if a
cancer marker or virus protein are present that shouldn’t be present, a high sensitivity single
molecule based method may be able to detect it and the absolute concentration wouldn’t
matter—just the presence of the marker would signify that there was a problem. In such
cases, the earlier the detection, the better.

Summary and Future Directions
As stated previously, single molecule detection is as sensitive as it gets. Counting molecules
is the most accurate method for measuring the concentration of molecules in solution. As
discussed in this Feature, optical methods for single molecule detection typically amplify the
target molecule, as in the case of DNA, or use labels for signal amplification. Of course
optical methods for measuring single molecules comprise only one approach. Electrical
detection methods are also incredibly powerful. Measuring the conductance signals through
single nanopores as pioneered by Branson and Bayley is beginning to be used for DNA
sequencing. Today we are beginning to see a next generation of methods in which single
molecules can be detected directly when they bind to a surface. These ultra-sensitive
technologies will undoubtedly continue to advance. There is every reason to believe that
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such techniques will eventually be able to interrogate samples in a way that enables both the
number and identity of multiple target molecules to be determined.

These methods should find use for both fundamental studies and important applications.
There are already a large number of fundamental studies in which single molecules are
observed in action. Exemplary research in this area includes early work of Xie and
coworkers in which single turnovers of cholesterol oxidase were observed using the intrinsic
fluorescence of flavin nucleotides19 or the work of Bustamante and coworkers in which
single DNA molecules were tethered to beads, optically trapped, and observed to detect the
activity of single molecules of RNA polymerase20. There are many research groups now
focused on making single cell measurements. The small absolute numbers of various
molecules in a single cell make it difficult to accurately measure their concentrations. Single
molecule measurements should make it possible to detect these molecules much more
efficiently and provide accurate readings of cell-to-cell variation. Measuring the “dark
space” in clinical samples is another opportunity where single molecule measurements
should shine. For example, there are less than 150 proteins of clinical utility with FDA
approval in use today21, yet the human proteome contains over 2500 secreted proteins22.
Most of the “missing” proteins are simply below the detection limit of the best ELISAs.
Consequently, more sensitive measurements will likely result in earlier cancer detection,
earlier detection of infectious disease, and identification of a host of new biomarkers with
utility for both diagnostic screening and environmental monitoring. The future has arrived!
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Figure 1.
Top: Analog measurements give increasing intensity as the concentration increases. Bottom:
In contrast, digital measurements are independent of intensity and simply rely on a signal/no
signal readout.
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Figure 2.
a, b, Immunoprecipitated protein complexes are visualized using TIRF microscopy using
fluorophore-labelled antibody (a) or fluorescent protein (FP) tags (b). TIR, total internal
reflection. c, Multi-colour colocalization can distinguish between subcomplexes (for
example, AB + AC versus ABC). d, Photobleaching analysis can provide stoichiometric
information. A simulated photobleaching trajectory for a trimeric protein. e, TIRF images
for YFP pulled down from cells expressing His6–YFP (YFP) and control cells (Con) using
His-tag or a control (Flag-tag) antibody. Minus sign indicates no antibody or sample. IP,
immunoprecipitate. Scale bar, 5 µm. f, Average number of fluorescent molecules per
imaging area, Nf. Error bars denote standard deviation (s.d.) (n > 20). Reprinted by
permission from Macmillan Publishers Ltd: NATURE 2011, 473, p484.
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Figure 3.
Proteins are captured on antibody coated beads. One or zero molecules of analyte are
captured on each bead. A labeled detection antibody creates a sandwich complex . When the
beads are loaded into microwells along with substrate and sealed, enzyme-labeled beads
covert the substrate into a fluorescent product that can be easily detected. Reprinted by
permission from Macmillan Publishers Ltd: NATURE BIOTECHNOLOGY, 2010, 28,
p596.
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Walt Page 13

Table 1

The relationship between volume and concentration for a small number of molecules

Size Volume 60 molecules 1 molecule

0.1 µm3 1 aL 100 µM 1.5 µM

1 µm3 1 fL 100 nM 1.5 nM

10 µm3 1 pL 100 pM

100 µm3 1 nL 100 fM
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Table 2

Number of molecules in a given volume at different concentrations

1uL 100uL

1nM 6 108 6 1010

1pM 6 105 6 107

1fM 600 60,000
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