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W
ater-in-oil droplets are emerging
as a potentially powerful technol-
ogy to quantitatively study com-

partmentalized reactions of single enzyme
molecules and single cells because the con-
centration of reaction products or secreted
molecules exceeds the detection thresh-
old much more rapidly in small confined
volumes1 than in bulk solution. In order
for the product resulting from turnover of
a fluorogenic substrate by a single enzyme
molecule to be detectable within a few
minutes using epifluorescence microscopy,
the volume of the reaction chamber has
been reduced to less than 100 fL.2�6 In this
volume, a single molecule of enzyme has
a concentration of ∼17 pM, enabling cata-
lyzed substrate turnover to dominate pro-
cesses such as uncatalyzed hydrolysis,
which in turn allows rapid accumula-
tion and detection of the product. Due to
their inherent scalability, droplet-based
platforms could enable numerous single-
molecule assays to be performed in parallel.
Ultrasmall droplets with volumes ranging

from 0.5 fL to 2 pL have been used to detect
the activity of single enzymemolecules, but

the polydispersity of the emulsions used
limited the precision and throughput of
these studies.7,8 In recent years, there
has been tremendous progress in the devel-
opment of microfluidics-based droplet plat-
forms for the on-chip formation and mani-
pulation of monodisperse droplets and
the associated use of a range of fluores-
cence-based techniques for high-through-
put and highly sensitive analysis of droplet
contents.1,9,10 Existingmicrofluidicdevicesnor-
mally generate highly monodisperse droplets
at the pico- to nanoliter scale. In such volumes,
several hoursof enzymatic activity are required
to turn over sufficient substrate for single
enzyme molecule detection.11 Most recently,
Arayanarakool et al. reported the measure-
ment of single-enzyme activity in femtoliter
nanofluidic droplets, in which the droplet was
incubated off-chip for several hours.12 Further-
more, maximal droplet generation rates are in
the 10 kHz range,1,13 limiting high-throughput
measurements of fast reactions.
The gold standard immunoassay, ELISA

(enzyme-linked immunosorbent assay),
enables the detection of biomarkers at
concentrations above picomolar (10�12 M),14
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ABSTRACT We report a microfluidic droplet-based approach enabling the measurement of chemical reactions

of individual enzyme molecules and its application to a single-molecule-counting immunoassay. A microfluidic

device is used to generate and manipulate <10 fL droplets at rates of up to 1.3� 106 per second, about 2 orders of

magnitude faster than has previously been reported. The femtodroplets produced with this device can be used to

encapsulate single biomolecular complexes tagged with a reporter enzyme; their small volume enables the

fluorescent product of a single enzyme molecule to be detected within 10 min of on-chip incubation. Our prototype

system is validated by detection of a biomarker for prostate cancer in buffer, down to a concentration of 46 fM. This

work demonstrates a highly flexible and sensitive diagnostic platform that exploits extremely high-speed

generation of monodisperse femtoliter droplets for the counting of individual analyte molecules.
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but there remains an unmet clinical need for detection
of biomarkers of neurodegenerative diseases and can-
cers that are present in biological fluids at concentra-
tions in the range 10�12�10�16 M;15,16 the ability to
detect single enzyme molecules provides a means to
quantitate such low abundance markers. One promis-
ing approach uses the turnover of a fluorogenic sub-
strate within well-arrays containing single enzyme
molecules in an assay mixture or encased in a femto-
liter water-in-oil droplet-array as the basis for ultra-
sensitive digital ELISAs.17�20 However, the need for
mechanical fabrication of femtoliter wells places in-
herent limits on the scalability and flexibility of ultra-
sensitive diagnostic assays, which could be overcome
by carrying out experiments in microfluidic droplets.
We have developed a method based on a multi-

layered microfluidic device that enables the generation
and manipulation of highly monodisperse femtoliter
droplets at frequencies up to 1.3 MHz. This innovation
allows us to measure the enzymatic activity of single
enzyme molecules in a few minutes, a property that we
have exploited to construct a bead-based ELISA for the
detection of a low-abundance protein biomarker.

RESULTS AND DISCUSSION

Generation and Manipulation of Femtoliter-Volume Micro-
fluidic Droplets. We have developed a microfluidic de-
vice for the controlled generation and manipulation of
water-in-oil droplets with volumes of 5�50 femtoliters,
which we call femtodroplets, at frequencies of >1 MHz
(Figure 1a,e). Microfluidic droplets can be generated by
shearing one fluid (water) by a second immiscible one
(oil). In order to produce small water droplets at high
frequencies, a large shear force and low surface tension
at the oil�water interface are required. Large shear
forces can be generated by either applying a high flow
rate of oil or reducing the channel dimensions in order
to increase the flow speed. However, high flow rates
can lead to difficulties in device operation, and smaller
channel dimensions produce high internal pressure,
inversely proportional to the fourth power of the channel
diameter.21 In order to enhance the flow speed substan-
tially during droplet formation without generating
high internal pressure throughout the flow channel in
the device, a flow-focusing nozzle was integrated into
the design of our device. This strategy introduces a local
constrictionwithin a 300μmsection of the device, where
the channel dimensions are reduced from 100 � 25 μm
(width � depth) to 10 � 5 μm (Figure 1a,b). This nozzle
enables the controlled generation of highly monodis-
perse aqueous droplets in fluorinated oil, previously
mixed with a surfactant to decrease the interfacial ten-
sion and to prevent coalescence of droplets, at frequen-
cies of 105�106 Hz (Figure 1e,f, Supporting Movies 1, 2).

We speculate that the femtodroplets produced by
our device are formed by a tip-streaming mechanism
in dripping mode, because an elongated water stream is

visible at the nozzle orifice for the duration of the forma-
tion process (Supporting Movie 2) and the droplets
formed are smaller than the width of the nozzle. The
capillary number in our experiments (0.48�0.86) is also
consistent with a previous report of droplet formation in
the dripping regime.22 It is known that the diameter of
droplets formed by this mechanism can be 10-fold
smaller than the orifice diameter, which would enable
our device to generate femtoliter droplets. Also, the low
viscosity of the fluorinated oil (∼1.2 cPs), compared to
silicone oil (∼19 cPs) andmineral oil (∼123 cPs), enables
us to overcome the inconveniently high hydrodynamic
resistance in such anarrowflow-focusingnozzle,which is
proportional to viscosity.13,21,23,24

The frequency of droplet formation was measured
using a confocal optical setup, and the droplet volume
calculated from the formation frequency and the flow
rate ofwater. Using the current experimental setup, the
maximally measurable frequency is 1.3 MHz, leading to
a femtodroplet volume of 8.6 fL. However, very stable
droplet generation at an oil flow rate of 480 μL/h was
observed, where the droplet-generation frequency
is expected to be 9.8 MHz according to the curve fit
(Supporting Table 1), implying a femtodroplet volume
of 1.1 fL (0.65 μm radius), although we cannot verify
these rates experimentally using our current setup.

This droplet-generation frequency is about 2 orders
of magnitude faster than previously reported.1 We
conclude that the locally narrow flow-focusing nozzle
design and the low viscosity of the fluorinated oil are
the key features that enable us to generate femtoliter
droplets controllably at frequencies above a million
hertz. The optical setup is being upgraded to measure
higher droplet-formation frequencies, and further de-
tails will be reported separately. The femtodroplets
formed using our device provide discrete reaction
compartments that are small enough to enable the
products of one molecule of enzyme to be detected
within minutes by epifluorescence microscopy, but
also large enough to be manipulated fluidically.

Once single enzyme molecules and the fluorogenic
substrate have been encapsulated, it takes a few minutes
to accumulate a measurable amount of fluorescent pro-
duct by a typical reporter enzyme (β-galactosidase).4,25

An area of 2 mm � 7 mm (length � width) was
therefore integrated into the microfluidic device to
store femtodroplets while the enzymatic reaction oc-
curs (Figure 1b). This storage area is divided into 40
traps (300 � 300 μm), isolated by monolithic micro-
fluidic valves (Figure 1b�d).26�29 As the depth of the
traps (5 μm) is comparable to the diameter of the
femtodroplets, droplets stored in the microfluidic device
are packed into a monolayer that allows fluorescence
measurements of individual droplets using a simple
epifluorescence microscope (Figure 2a). Trapping the
femtodroplets in this way allows the activity of specific
enzymes to bemonitored continuously inside thousands
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of droplets simultaneously (Figure 2b). An embedded
microfluidic valve is used to flush stored droplets out of
the traps and reload freshly generated femtodroplets
by application and release of external pressure (about
50 psi, Supporting Movie 3). This process takes only

about 10 s due to the extremely high frequency of
droplet generation and is therefore not rate-limiting
for assay repetition.

Measurement of Reaction Time Courses of Individual Femto-
droplet-Encapsulated Enzyme Molecules. As a first step in the

Figure 1. Features of themicrofluidic device used for femtodroplet generation andmanipulation. (a) Femtodroplet formationat
the nozzle of themicrofluidic device.Dropletswith a typical volumeof 32 fL aregenerated at a frequencyof around3.5� 105Hz.
(b) Photograph of the whole multilayered PDMS device. The upper layer consists of the nozzle (10 μmwide� 5 μmdeep), flow
channels (100 μmwide� 25 μmdeep), and storage compartments (2 mmwide� 7 mm long� 5 μmdeep), with a capacity for
∼2� 105 femtodroplets. The bottom layer houses themonolithic valves used to control droplet flowand isolate the traps. There
are four injection holes for introduction of fluids into the device: the outer two for oil and the others for aqueous solutions.When
the main valve is closed, the stream of femtodroplets is directed into the storage region (stream path 1). If this valve is opened,
droplets flow out of the device by stream path 2 due to the lower flow resistance encountered. (c) Image of traps used for
femtodroplet storage and isolation. The contents of the traps are manipulated by the action of networks of embedded
monolithic valves in response to external pressure. (d) Vertical schematic of the storage structure. When pressure is applied, the
thin PDMS membrane (15 μm thick) bends up to seal off the flow and traps the femtodroplets. (e) Generation frequency and
volume of femtodroplets as a function of the oil flow rate (Qo) at a constant water flow rate (Qw) of 40 μL/h. In order to generate
32 fL droplets at a frequency of 350 kHz, we used oil and water flow rates of 230 and 40 μL/h, respectively. The dashed red line
represents a fit of the experimental data to the equation f=3Qw/γ

34π(a�Qo/b)
3, where f is the generation frequency,Qw andQo

are the respectiveflowratesofwater andoil,γ=2, anda andbarefittingparameters (see SupportingTable 1 for justificationand
discussion). The goodness offit (r2) is 0.99, returningfittingparameters of a=1.58 andb=382. The dashedblue line represents a
fit to the same model, but with the frequency converted to droplet volume using the water flow rate, and is simply plotted to
allow the reader to visualize both droplet volumes and generation frequencies. (f) Histogram of the droplet volumes obtained
using flow rates of 40 μL/h of water and 220 μL/h of oil. The mean volume shown is 35.5 fL with a standard deviation of 0.66 fL.
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development of our single-molecule ELISA, we opti-
mized the substrate concentration and reaction time
for the fluorescein di-β-D-galactopyranoside (FDG)/
β-galactosidase reporter system in femtodroplets.
β-Galactosidase (3.8 � 10�3 unit/mL, equivalent to
5 pM, yielding a probability of droplet occupancy of
<0.1) was therefore encapsulated with FDG concentra-
tions from 13 to 500 μM, and the fluorescence of∼150
enzyme-containing droplets monitored (Figure 2c,d,
Supporting Movies 4�7). As enzymatic turnover starts

at droplet generation, the initiation of the chemical
reaction in each femtodroplet occurs essentially simul-
taneously (i.e., within a second of each other) and
so can be precisely monitored temporally. Inspection
of the data in Figure 2d enabled us to establish the
substrate concentration required to achieve kinetic
saturation of fluorescence generation (250 μM), which
was then used in all further experiments. Although FDG
is a convenient and popular fluorogenic substrate for
β-galactosidase, its diglysosylated structure results in a

Figure 2. Measurement of the activity of single β-galactosidase molecules in femtodroplets. (a) Femtodroplets stored in a
trap. The supporting posts maintain the shallow trap structure (5 μm deep). Droplets were packed in a monolayer in a trap
(right). (b) Images showinggreenfluorescence resulting fromhydrolysis of FDG (250μM)byβ-galactosidase (1.5� 10�3 unit/mL,
equivalent to 2.1 pM) in femtodroplets after 1 and 10min. The bright spots represent femtodroplets enclosing a single enzyme
molecule, in which fluorescent reaction products are generated. (c) Representative time traces of enzyme activity measured in
femtodroplets that contain eitheroneβ-galactosidasemoleculeor none. Thefluorescence intensitywasmeasured everyminute
and converted to equivalent concentrations of fluorescein using a calibration curve after correcting for photobleaching
(Supporting Figure 2); the concentration of fluorescein cannot be directly calculated due to the unknown contribution of the
partially hydrolyzed product, fluorescein mono-β-D-galactopyranoside (FMG), to the observed fluorescence signal. The black
dashed line represents a threshold, defined as three standard deviations above the mean of the background fluorescence after
10 min of incubation. The positive traces show a range of activities. (d) Kinetic saturation of fluorescence generation per single
copy of β-galactosidase as a function of FDG concentration. The means and standard deviations (error bars) from a sample of
∼150 femtodroplets enclosing a single copy of enzyme at each substrate concentration are plotted; the line connecting the data
points was drawn merely to guide the eye. (e) Fluorescence micrographs of traps after 10 min incubation at various enzyme
concentrations. The fraction of stored femtodroplets that show product formation varies in a concentration-dependent manner.
(f) Plot of theprepared concentration (where oneunit of enzymehydrolyzes 1μMof 2-nitrophenylβ-D-galactoside to 2-nitrophenol
and D-galactose perminute at pH 7.3 at 37 �C) vs the experimentally determinedmolar concentration ofβ-galactosidase. Themean
concentration determined from two replicates is plotted and fit with a linear function (dotted line).
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sequential two-step hydrolysis mechanism, the ki-
netics of which have been the subject of some debate
in the literature.30,31 While this complication prohibits
detailed kinetic analysis of our data, the similar satura-
tion behavior found in bulk experiments (Supporting
Figure 1) and the observed molecule-to-molecule var-
iation of activity (CV = 64%);in line with that reported
by other laboratories5,7,32;demonstrate the viability
of femtodroplets as a platform for single-molecule
enzymology.

We then determined the time required for indivi-
dual molecules of β-galactosidase encapsulated in
32 fL droplets to generate sufficient fluorescence signal
to bedetectable above thebackgroundusing theoptimal
substrate concentration. The time course of fluorescence
generation in approximately 5 � 103 femtodroplets con-
taining 250 μM FDG was imaged at enzyme concentra-
tions of up to 3 � 10�2 unit/mL (equivalent to about
40 pM), where the likelihood of enzyme occupancy in
each droplet is <0.8 (Figure 2e, Supporting Movies 4�7).
After incubation for 10 min, two populations of droplets
were clearly visible (Figure 2b, Supporting Figure 3).

The fraction of bright femtodroplets (Figure 2e);
with intensities separated from the mean fluorescence
of the other dark droplet population by >3 SD
(Figure 2c);followed a Poisson distribution as a
function of prepared enzyme concentration, as ex-
pected for product formation due to the activity of
single molecules of β-galactosidase.4,25 The linear
relationship between the prepared and determined
concentrations ofβ-galactosidase in Figure 2f confirmed
that the activity observed in the bright femtodroplets
was due to single enzyme molecules and that a 10-min
incubation in femtodroplet-based digital ELISAs would
enable counting of single analyte molecules with high
statistical confidence.

Detection of a Cancer Biomarker Using a Femtodroplet
Assay. The ability to sensitively detect β-galactosidase
paves the way for ultrasensitive diagnostics using a
bead-based ELISA to quantify very low concentrations
(0.046�4.6 pM) of the biomarker prostate-specific
antigen (PSA, molecular weight 30 kDa), reported by
a single enzyme. A monoclonal antibody to the target
protein was covalently coupled to 1 μm polystyrene

Figure 3. Schematic of single-molecule immunoassay using femtodroplets. (a) Binding of an antigen to antibody-coated beads;
a single bead-captured target molecule is subsequently sandwiched by a biotinylated detection antibody and a streptavidin-β-
galactosidase conjugate. (b) Beads with or without an immunocomplex are singly encapsulated in femtodroplets with a
substrate (FDG) and subsequently on-chip incubated in traps to accumulate the fluorescent products of single-enzyme
reporters. Each trap can enclose about 5 � 103 droplets, so the current storage capacity is about 2 � 105 droplets per chip.
The stored droplets can be completely flushed out and reloaded in 10 s due to the extremely high-speed generation of droplets
(Supporting Movie 3). (c) After the on-chip incubation, three populations of femtodroplets are observed: (i) droplets containing
no bead, (ii) those containing a bead without immunocomplexes, and (iii) those containing a bead with an immunocomplex
exhibiting a positive fluorescence signal due to the enzymatic activity of a singleβ-galactosidase reporter. The numerical ratio of
(iii) to [(ii) þ (iii)] yields the concentration of the target analyte. Thus, the larger the number of available droplets in a
measurement, the better the detection sensitivity that can be accomplished in a given assay time.
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beads to enable capture in PBS buffer and subsequent
detection of PSA in a sandwich complex containing a
detector antibody specifically bound to a β-galactosi-
dase reporter (Figure 3a). The capture beads exhibited
red autofluorescence after covalent functionalization
withmonoclonal antibody, possibly due to the intrinsic
fluorescence of immunoglobin.33 This made it possible
to count the number of beads by fluorescence imaging
more easily than by using bright-field illumination,
without interfering with the signal arising from en-
zyme-catalyzed hydrolysis of the substrate in the green
part of the spectrum (Figure 4a).

At the end of each experiment, three different
populations of femtodroplets were observed: (i) drop-
lets containing no bead; (ii) droplets encapsulating a
bead but without detectable enzymatic activity; and
(iii) droplets containing a bead and a positive signal in
green-fluorescence microscopy, corresponding to the
presence of active enzyme conjugated to the target
protein (Figure 3c). Since the concentration of PSA was
lower than the bead concentration during anchoring
of the target protein to the beads, Poisson statistics
dictate thatmost beads capture either a single enzyme
reporter or none.4,25 As the bead concentration is
known, the fraction of bead-containing femtodroplets
that exhibit enzymatic turnover to the total number
of beads can be used to calculate the concentration
of PSA (Figure 4b, Supporting Table 3). The linear

relationship obtained between the prepared and ex-
perimentally determined concentrations confirms that
this approach can be used to quantify a low-abundance
biomarker. The average capture efficiency in our assays
is about 89%, which is slightly higher than that reported
by Rissin et al. (>70%).17 Failure to transduce all analyte
molecules into bright femtodroplet signals may result
from incomplete capture of PSA, dissociation of sand-
wich complexes during washing, or immobilization of
inactive reporter enzymes; the higher bead concentra-
tion we used (10 pM vs 3.3 fM) might contribute to the
enhanced transduction efficiency observed by increas-
ing the fraction of captured antigen.

The lowest concentration of PSA assayed using
our prototype systemwas 46 fM, or∼1.2 pg/mL, which
led to an average of 12.0 bright femtodroplets (0.2% of
bead-containing droplets) per experiment. This small
number of events is subject to significant Poisson noise
(theoretical and experimental CV = 28.8% and 30.4%,
respectively), which limits quantification precision, but
does permit detection with a high confidence level,
provided the number of events observed in the ab-
sence of analyte (e.g., resulting from nonspecific ad-
sorption onto beads or carry-through of free reporter
enzymes into the encapsulatedmixture) is significantly
lower. In the negative control;where the assay
conditionswere identical except that PSAwas omitted;
more than3700bead-containingdropletswereanalyzed,

Figure 4. Detectionof PSAusing a femtodroplet ELISA. (a) Bright-field, red- andgreen-fluorescence images (left to right) of stored
femtodroplets containing anti-PSA-coated beads (10 pM) and substrate (FDG, 250 μM) after a 10min incubation period following
immunoassay (in the presence of a 4.62 pM concentration of PSA) and subsequent encapsulation. Bright spots in the red-
fluorescence micrograph result from beads conjugated with the capture antibody, while those in the green-fluorescence image
aredue to femtodroplets that contain anenzymatic reporter. Thegreen circles in all images represent droplets that contain abead
and show enzymatic activity, while the red circles in the bottom left corner of each panel indicate a single femtodroplet that
exhibits enzymatic activity but that does not contain a bead, indicating thepresenceof unboundenzyme in thedroplet. (b) Plot of
the concentrations of PSA measured by the droplet-based immunoassay vs the prepared concentration. The determined
concentrations were calculated from a Poisson distribution function as described in Figure 2f, except that the fraction of beads
encapsulated in droplets showing enzymatic activity (e.g., the number ratio of green circles to fluorescent beads in part a) and the
known bead concentration (10 pM) were used instead of the inactive fraction and volume of the femtodroplets. The means and
standard deviations (error bars) from four replicate measurements are plotted and fit with a linear function (dotted line).
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none of which exhibited detectable reporter fluores-
cence after incubation. While this confirms that the
detection of PSA at 46 fM is achievedwith high statistical
confidence, the limit of detection (LOD) cannot be
accurately calculated without measuring a much larger
number of negative control experiments, in order to
obtain the mean and standard deviation of the number
of bright droplets in the absence of analyte.34 The lowest
detected concentration in our assay is 1.2 pg/mL. This
concentration is already comparable to the LOD for the
most sensitive commercial bulk ELISAs (e.g., ∼3 pg/mL
for Siemens' third-generationPSA test using the Immulite
System), but considerably above that of state-of-the-art
digital ELISAs.17,18,35 This is because the sensitivity
of our prototype system is limited by the number
of femtodroplets measured per experiment. Currently
∼20000 droplets encapsulating ∼1900 beads are ana-
lyzedpermeasurement, and the concentrationof analyte
required to generate an average of one fluorescent
droplet in each experiment is 5.9 fM (given a capture
efficiency of 89%). Assaying a 46 fM concentration of PSA
is then expected to yield, on average, 8.0 bright femto-
droplets per experiment (0.04% of droplets). However, if
the entire storage capacity of the current prototype chip
(200000 droplets) was analyzed, the expected detection
limit would fall to ∼4.7 fM (0.12 pg/mL) without any
modification to the assay or hardware.

CONCLUSION

In summary, this paper describes a microfluidic
device that is able to generate andmanipulate droplets
with volumes of 5�50 fL at MHz frequencies. This
femtoliter microfluidic droplet-based approach en-
ables the measurement of the activity of a single copy
of an enzyme and can be exploited to quantify very low
abundance biomarkers by integrating a bead-based
immunoassay with direct counting of individual en-
zyme molecules for developing a highly sensitive
diagnostic test. The prototype system described is
currently able to identify the presence of PSA in buffer
at concentrations down to 46 fM (1.2 pg/mL), an
improvement of nearly 2 orders of magnitude on
standard ELISAs, whose detection limit is ∼100 pg/mL.
The method is conceptually similar to the digital
ELISAs reported by Rissin et al.,17 which employ solid
femtoliter-sized wells that have been fabricated by
mechanical methods.18,35 The fluidic femtodroplet re-
action chambers used in this study offer significant
advantages due to the robustness and flexibility of the
microfluidic circuit: extremely high-speed generation

and on-chip manipulation of fast-flowing droplets,
the ability to carry out replicate assays without repla-
cing hardware, enabling a significant enhancement
of the sampling size, ease of automation, and inte-
gration with other fluidic sample preparation mod-
ules; and the possibility of varying the size of the
reactors at will.
The prospective clinical value of this femtodroplet

diagnostic platform lies in its potential sensitivity and
goes beyond current systems by its capacity for detec-
tion of multiple target proteins.14,36 Further engineer-
ing of some of the features of this systemwill lead to an
increase in sensitivity. Given the minimal nonspecific
binding observed in the assay, it is very likely that
subfemtomolar sensitivity could be achieved by con-
centrating the bead-captured biomarkers prior to en-
capsulation or by simply measuring a larger number of
femtodroplets. Further improvements in the detection
sensitivity could be achieved by increasing the
throughput with which beads are analyzed. For exam-
ple, establishing a high-throughput image acquisition
system and a high-capacity microfluidic device would
enable analysis of a larger number of beads in a given
time. A complementary approach is to maximize the
usage of droplets, since only 10% of droplets are
occupied by beads under the current assay conditions,
in order to ensure single-beaddroplet occupancyduring
thePoissonianencapsulationprocess. This goal couldbe
achieved by encapsulating multiple beads in each dro-
plet; although this approach is incompatible with multi-
plexed assays, itwouldbeuseful for ultrasensitive single-
analyte assays where the concentration of the target
molecules is much lower than the bead concentration.
Alternatively, Poisson-limited encapsulation could be
bypassed altogether by evenly spacing the beads or
concentrating them in the microfluidic device prior to
droplet formation, to ensure that every droplet is occu-
pied by a single bead.37,38 Ultimately, the femtodroplet
immunoassay used in this study should be able to
display similar attomolar (10�18 M) limits of detection
to those of state-of-the-art digital ELISAs, as the LOD is
determinedbyassay-dependentparameters rather than
the nature of the reaction chamber. Multiple protein
markers could be detected by using different traps to
carry out assays in parallel or by encoding antibodies
with beads bearing distinct fluorescent signatures to
enable multiplexing. While currently at an early stage,
the microfluidic droplet-based platform we have devel-
oped has the potential to play a valuable role in the early
identification and monitoring of diseases.39

METHODS
Microfluidic Device Fabrication. The microfluidic device was

designed with AutoCAD (AutoDesk), and the corresponding
photomasks were printed on transparencies (Micro Lithography
Services) to enable fabrication of molds using a negative

photoresist (SU8-2025, SU8-2005, Microchem). Microfluidic de-
vices were made using two masters: the first for fabrication of
the flow channels and storage chambers and the second for
fabrication of the valve structures. A commercially available
PDMS kit (Sylgard184, Dow Corning) containing a base and a
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cross-linker was employed; the weight ratios (base:cross-linker)
mixed for 5 mm and ∼40 μm thickness PDMS slabs were 5:1
and 20:1, respectively. The mixed, degassed liquid PDMS
(5:1 base:cross-linker ratio) was poured onto the first master
and cured at 75 �C for 35min. The resulting transparent, flexible
silicone rubber was peeled off, and the fluid injection holes
were punched through the slab. In order to fabricate the valve
channels, a thin layer of liquid PDMS (base:cross-linker ratio
of 20:1) was spin-coated onto the second master and the
wafer cured at 85 �C for 5 min. After aligning the thick PDMS
slab onto the thin PDMS layer, the devicewas baked for a further
30 min at 85 �C. The assembled PDMS slab was then peeled
off the second master, and injection holes for application
of pressure were punched. Finally, the multilayer device was
sealed against an oxygen plasma-treated glass substrate, and
Aquapel (Pittsburgh Glass Works) was applied to the flow-
focusing nozzle to render it hydrophobic.

Device Operation. All fluids were injected into the microfluidic
device by loading into individual syringes (Gastight, Hamilton)
driven by syringe pumps (PHD 22/2000, Harvard Apparatus).
Protein solutions or bead suspensions were mixed with a solu-
tion of substrate (500 μM fluorescein-di-β-D-galactopyranoside,
FDG, Invitrogen) in PBS buffer (137 mM NaCl, 2.7 mM KCl, 8 mM
Na2HPO4, and 2 mM KH2PO4, pH 7.4, Ambion) containing
0.1% v/v Tween-20 (Sigma) in the microfluidic device prior to
droplet generation at the flow-focusing nozzle. Water droplets
are formed in fluorinated oil (HFE-7500, Novec, 3M) previously
mixed with a surfactant (5% w/w, Methods) to generate dro-
plets stably and prevent their coalescence.

Fluorescence Image Acquisition and Analysis. Fluorescence
images were obtained using an inverted microscope (IX71,
Olympus) operated in epifluorescence mode using a mercury
lamp (U-H100HG, Olympus) as an excitation source. The micro-
fluidic devices were illuminated, and the emitted light was
collected using the same objective (UPLSAPO 40� 2, Olympus);
excitation light was passed through a neutral density filter
(25% transmission, Olympus) and only during image acquisi-
tion, in order to minimize photobleaching. Excitation light was
spectrally filtered and separated from fluorescence emission
using two mirror sets (excitation 475 ( 17 nm/emission 530 (
22 nm, and excitation 559 ( 17 nm/emission 630 ( 35 nm,
Thorlabs); green- and red-fluorescence micrographs were col-
lected sequentially using a motorized filter cube (IX2-RFACA-1-5,
Olympus) to alternate between the two colors. Images were
acquired using an EMCCD camera (Xionþ, Andor Technologies)
with exposure times of 0.1 and 1 s for red and green fluorescence,
respectively. Image analysis was performed using custom soft-
ware written in LabView, which calculated the fluorescence
intensity of femtodroplets by integrating the brightness of all
the component pixels of each droplet.

Measurement of Femtodroplet-Generation Frequencies. A high-
precision optical setup was used to measure the frequency
of droplet formation. Briefly, the 488 nm beam of a diode laser
(Spectra-Physics) was directed to the back port of an inverted
microscope (Eclipse TE2000-U, Nikon), where it was reflected by
a dichroic mirror and focused 2 μm above the cover slide into
the flow-focusing nozzle of themicrofluidic device, using an oil-
immersion objective (Apochromat 60�, NA 1.40, Nikon). Fluo-
rescence was collected by the same objective and imaged onto
a 70 μm pinhole (Melles Griot) to exclude out-of-focus light,
forming a confocal detection volume of ∼0.1 fL. Green fluores-
cence was filtered by a pair of long-pass and band-pass filters
(540ALP and 535AF45, Omega Optical Filters) before being
focused onto an avalanche photodiode (APD, SPCM-14, Perkin-
Elmer). The readout from the APD was coupled to a PC-
implementedmultichannel scalar (MCS) card and analyzedwith
custom-written software. Fluorescence was recorded as raw
photon counts over a typical window of 50 ns. Femtodroplets
were generated as described above, using 0.2 μM fluorescein in
PBS buffer containing 0.1% v/v Tween-20 as the aqueous phase,
and the frequency of droplet formation was calculated from
the separation of the resulting fluorescence bursts in the
MCS output. A fast camera (MIRO4, Vision Research) was used
to visually confirm droplet generation and enable alignment
of the confocal spot within the flow-focusing nozzle, while an

extremely high speed camera (up to 1.0 Mfps, V1610, Vision
Research) was used to capture movies of droplet generation
(Supporting Movie 2).

Surfactant Synthesis. Methanol (5 mL, Fisher) was added to a
stirred solution of Krytox 157 FSL (15.3 g, 6.1 mmol) in HFE-7500
(15 mL, Novec, 3M) under nitrogen at room temperature,
and the mixture stirred for 16 h. The solution was evaporated
to dryness, and IR analysis (1775.8 cm�1) indicated little or
no conversion to the methyl ester. The resulting oil was
dissolved in HFE-7100 (15 mL, Novec, 3M), and a solution of O,
O0-bis(2-aminopropyl)polypropylene glycol-block-polyethylene
glycol-block-polypropylene glycol (1.827 g, Jeffamine ED-600,
Sigma) in methanol (5 mL) was added via syringe and stirred
under nitrogen for 96 h at room temperature. The solution was
evaporated to dryness and placed under high vacuum. In order
to remove any diblock surfactant or free amine, the oil was
dissolved in HFE-7100 (35.0 mL) and stirred with 3-(isocyanato)-
propyl-functionalized silica gel (1 g, 1.20 mmol/g, 200�
400 mesh, Sigma) under nitrogen for 5 h at room temperature.
The solution was filtered through Celite, which was then
washed three times with HFE-7100 (15 mL). This solution was
filtered through a syringe filter (33 mm � 0.22 μm, Millex) and
evaporated to dryness to give Krytox 157 FSL Jeffamine ED-600
disalt surfactant as a colorless oil (14.4 g, 83.9%). IR: 1699.7 cm�1.

Bulk Enzyme Measurements. Bulk enzyme experiments were
performed on a FLASHScan microtiter plate reader (Analytik
Jena). A final enzyme concentration of 10 μg/mL of (after
dilution with substrate solution) was used at eight substrate
concentrations (FDG, 12.5, 25, 50, 100, 200, 400, 600, 800 μM).
The rate of fluorescence generation was converted to fluores-
cein equivalent units at each substrate concentration by com-
parison with a fluorescein standard curve.

Measurement of Activities of Single Enzyme Molecules. β-Galacto-
sidase (Roche, at concentrations of 0.75, 1.5, 3.75, 7.5, 15, and
30 � 10�3 unit/mL) was prepared in PBS buffer containing
0.1% v/v Tween-20 and loaded into a syringe (Hamilton, Gas-
tight, 250 μL), and FDG (500 μM), prepared in PBS buffer
containing 0.1% v/v Tween-20, was loaded into the second
identical syringe; both solutions were injected into the micro-
fluidic device in a 1:1 volume ratio and emulsified with fluori-
nated oil premixed with surfactant (5% w/w). After trapping the
femtodroplets in the device, the fluorescence intensity of stored
droplets was measured every minute and converted to fluo-
rescein equivalents using a calibration curve after correcting
for photobleaching (SI Figure 1). Droplets containing reporter
enzymes were identified according to an AND thresholding
procedure. Only femtodroplets whose intensity exceeded the
mean of negative control droplets plus three standard devia-
tions and that exhibited significant fluorescence increase dur-
ing incubation were classified as “positive”. The latter criterion
enabled us to exclude droplets with high fluorescence inten-
sities due to the presence of dust or other autofluorescent
contaminants.

In order to measure the enzyme activity as a function of
substrate concentration, β-galactosidase (3.8 � 10�3 units/mL,
equivalent to about 5 pM) and FDG (13, 25, 63, 125, 250, or
500 μM) were prepared in PBS buffer containing 0.1% v/v Tween-
20 and loaded into syringes (Hamilton, Gastight, 250 μL), respec-
tively. The droplets were formed and the product formation was
measured as described above.

Preparation of Beads Conjugated with Capture Antibody, Capture of the
Target Protein Sandwiched with Detection Antibody, and Enzymatic
Reporters. Capture beads were prepared by covalently coupling
amino-functionalized polystyrene microspheres (1 μm dia-
meter, Polysciences) to anti-PSA antibody (R&D Systems) via a
glutaraldehyde cross-linker, introduced using a commercial
coupling kit (Polysciences) according to the manufacturer's
instructions.

Antibody-functionalized capture beads (10 pM) were mixed
with PSA (Mw 30 kDa, R&D Systems, at concentrations of 0.046,
0.14, 0.46, 1.39, and 4.62 pM) in a final volume of 200 μL of PBS
buffer containing 0.1% v/v Tween-20 and incubated for 2 h at
room temperature. The beads were then recovered by centri-
fugation (12100g for 6min), the supernatant was discarded, and
the particles were resuspended and sonicated for 3 min in PBS
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buffer containing 0.1% v/v Tween-20 (200 μL). This washing
process was repeated twice before resuspension in a solution of
biotinylated polyclonal anti-PSA (R&D Systems, 0.9 nM) in PBS
buffer containing 0.1% v/v Tween-20 (200 μL) and incubation
for 1 h at room temperature. The beads were then recovered by
centrifugation (12100g for 6 min), the supernatant was dis-
carded, and the particles were resuspended and sonicated for
3 min in PBS buffer containing 0.1% v/v Tween-20 (200 μL).
This washing process was repeated twice before resuspension
in a solutionof streptavidin-conjugatedβ-galactosidase (Invitrogen,
25 pM) in PBS buffer containing 0.1% v/v Tween-20 (200 μL) and
incubation for 1 h. The beads were then recovered by centrifuga-
tion (12100g for 6 min), the supernatant was discarded, and the
particles were resuspended and sonicated for 3 min in PBS buffer
containing 0.1% v/v Tween-20 (200μL). Thiswashing processwas
repeated six times before injection into the microfluidic device.
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