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Single-enzyme analysis in a droplet-based micro- and
nanofluidic system3
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The kinetic activity of individual enzyme molecules was determined in aqueous droplets generated in a

nano- and microfluidic device. To avoid high background noise, the enzyme and substrate solution was

confined into femtoliter carriers, achieving high product concentrations from single-molecule encapsula-

tion. The tiny droplets (w y 2.5–3 mm) generated from this fluidic system were highly monodisperse,

beneficial for an analysis of single enzyme activity. The method presented here allows to follow large

numbers of individual droplets over time. The instrumental requirements are furthermore modest, since

the small droplet size allows to use of standard microscope and standard Pyrex glass chips as well as the

use of relatively high enzyme concentrations (nM range) for single molecule encapsulation.

Introduction

Recently, many researchers have investigated the behavior of
biomolecules on the single-molecular level to unravel phe-
nomena which remain hidden in conventional bulk experi-
ments.1–3 Confinement of individual molecules can be
obtained by means of attachment to a polymer-coated
substrate,1–3 but also with microfluidic technology. In this
contribution we report on a study of single enzyme molecule
activity using droplet-based micro-/nanofluidics. Single
enzyme molecule activity has been investigated in microfluidic
platforms using methods such as PDMS microwells,4 surface-
immobilized droplets5 or liposomes, 6,7 but never in detail in
droplets. Droplet-based microfluidics has many experimental
advantages. It can be employed to generate scalable carriers to
encapsulate individual molecules with high-throughput
results.8–11 In addition, microfluidic technology also enables
precisely controlled manipulation of the generated carriers in
an automated fashion.11–15 The droplet-based platform is
furthermore advantageous due to its flexibility to change the
types of reactions and the amounts of reagents.16,17 In
addition, the droplet carriers can be made strongly mono-
disperse, simplifying the experimental analysis.10,18 Single-
enzyme analysis in droplet-based microfluidics has been

demonstrated once before19 but only in very large droplets (w
y 40 mm) and for just one time point. Then the large droplets
necessitated the use of highly-diluted enzyme solutions (110
fM) and a laser-based optical setup, while the femtoliter
volume of the droplets generated from our device allows the
use of a standard microscope and Pyrex glass chip as well as
enzyme solutions at relatively high concentration (nM range).
Furthermore, stable storage of the droplets allows us to
observe the single enzyme kinetics in many individual droplets
longitudinally in time.

Research on single enzymes can be performed by compart-
mentalizing the solution such, that single compartments
contain single enzymes. One approach is to strongly dilute
the enzyme and use large containers (Fig. 1B), another
approach is to strongly decrease the compartment size
(Fig. 1C). The latter approach has great advantages, since the
product is much less diluted than in the large container. If for
example a fluorescent product is formed, its observation will
be much less hindered by the environmental background
signal of solvent and device material. Smaller compartments
thus allow higher concentrations of enzymes to be used and
higher signal-to-noise ratios of the enzyme product molecules
to be reached. The device material should furthermore have a
low level of auto-fluorescence, making polymer-based materi-
als generally much less suitable than glass. We therefore chose
Borofloat type glass to fabricate our microfluidic device.20,21

Moreover, our platform fabricated from a glass Borofloat
material does not encounter the problem of the evaporation/
dissolution of solvents and solutes into the chip material
which is generally unavoidable in devices made from polymer-
based materials such as polydimethyl-siloxane (PDMS).22

We use a micro-/nanochannel device to provide the
femtoliter compartmented aqueous droplets for encapsulation
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of single enzymes and the demonstration of their activity. A
hyperthermophilic intrinsically stable enzyme (b-glucosidase)
which produces a fluorescent product was chosen as model
molecule. The histogram of the increasing fluorescence
intensity in each droplet can then be used to determine the
number of enzymes encapsulated in each compartment. In our
system we can observe many droplets in parallel over a long

period, so that, in case of single-molecule occupation, the
evolution of the fluorescent product concentration in the
individual droplets can be related to the temporal single
enzyme kinetic activity.

Materials and methods

Glass-based micro- and nanofluidic device

The micro- and nanofluidic chip was made from a Borofloat
glass substrate by standard etching techniques and subse-
quently hydrophobized by methods previously reported.23 A
schematic layout of the chip, containing a network of channels
of 500 nm and 3 mm depth is shown in Fig. 2. To obtain the
extremely low flow rates needed with standard syringe pumps,
a flow-split channel design was used, as previously pub-
lished.24 The hydrophobized chip was mounted into the in-
house built chip holder and placed onto an inverted
fluorescence microscope (DMI 5000 M, Leica) equipped with
mercury lamp and high-sensitivity camera (EMCCD, Andor
Ixon, UK). The solutions were loaded into the chip by using a
flow-driven neMESYS pump. (See Fig. S1 in Electronic
Supporting Information; ESI3)

Fluidic connections

The glass-based chip was mounted into an in-house manu-
factured chip holder and connected to a neMESYS syringe
pump (Cetoni, Korbussen, Germany) with fused silica tubing
(w = 360 mm), and fluidic connectors bought from Upchurch
Scientific (WA, USA). The neMESYS syringe pump is a flow
rate-driven pump with three modules enabling to individually
manipulate the flow rate of three different solutions into the
fluidic chip.

Fig. 1 (A) An illustration of the enzyme solution dissolved in an aqueous carrier
(enzyme: red and water: grey). (B) By dilution, the single-molecule encapsulation
can be achieved but the excess amount of solvent provides high background
noise. (C) By compartmentalization, the enzyme solution is confined as tiny
droplets containing single enzymes at high concentration. (D) When a single
enzyme is enclosed in a large droplet, the fluorescent product gets much
diluted, making optical detection more difficult. In addition to this, the
background fluorescence from droplet and substrate is larger. (E) Smaller
droplets increase the product concentration and decrease the background
fluorescence. When the fluorescent product molecules are produced, the
fluorescence intensity inside each droplet will gradually increase. The product
formation rate in the droplet can then be used to determine the kinetic activity
of this enzyme.

Fig. 2 (A) Schematic of the droplet generator using a micro- and nanofluidic network. A continuous phase (silicone oil; shown in orange) and a dispersed phase
(enzyme and substrate solution; shown in green) and a were separately loaded into the microchannels at position 1 and 2, respectively. Minute amounts of
continuous and dispersed phases split off into the nanochannels sections at the split junctions at position 3 and 4, respectively. A zoom-in view of the nanofluidic
network as well as the outlet microchannel is shown in (B). At the T-junction, femtoliter droplets split off from the aqueous solution and flowed to the outlet
nanochannel. Finally, at the intersection between nano- and microchannels, the squeezed droplets obtained a spherical shape and entered the outlet microchannel
where the time-resolved fluorescent measurement was performed. The arrows express the direction of the fluid flows. The depths of the microchannel and
nanochannels are 3 and 0.5 mm, respectively.
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Optical setup

The chip holder incorporating a fluidic chip was placed on top
of an epifluorescence microscope (DMI 5000 M, Leica)
equipped with a specific filter cube (L5) for the excitation
and emission wavelengths of 480 and 520 nm, respectively and
a mercury lamp for illumination. An electron multiplying CCD
camera (EMCCD, Andor Ixon, UK) was used for light
collection.27 The fluid flow and emulsion were visualized
and recorded by the Andor Solis program.

Enzyme kinetics

The enzymatic reaction of b-glucosidase was studied by using
fluorescein-b-D-glucopyranoside (FDGlu) as a substrate, yield-
ing fluorescein as product. The increase in fluorescence
intensity was used to determine the kinetic activity. In short,
since the enzyme obeys Michaelis–Menten kinetics and the
substrate concentration is much higher than the Michaelis–
Menten constant, we observe the maximal production rate of
the enzyme for which holds Vmax = Kcat[E] where Kcat is the
turnover number and [E] the enzyme concentration (number
of enzymes/droplet) [for further details please see the
supporting information]. To interpret the droplet fluorescence
intensity in terms of fluorescein concentration, a calibration
curve was made using known fluorescein concentrations (see
section 2 and Fig. S2 in ESI3).

Enzyme, chemicals and solutions

Droplets were produced from a dispersed phase containing
b-glucosidase (0.1 nM), FDGlu (200 mM) in PBS solution (pH 7)
and a continuous oil phase (silicone oil with 4% Span80),
which were individually injected into the fluidic system. In the
experiment in the presence of an anti-oxidant reagent,
n-propyl gallate (5% w/v) was added to the aqueous solution
before injection into the fluidic device. The b-glucosidase used
in this study is originally derived from the hyperthermophilic
archaeon Pyrococcus furiosus25 It exhibits an intrinsic high
stability with a half-life of 85 h at 100 uC. Despite its high
temperature optimum of 103 uC, it still shows activity at
moderate temperatures. The enzyme preparation used here is
obtained through heterologous expression of the celB gene in
E.coli and subsequent purification of the protein as reported
previously.25,26 The enzyme was provided by the Laboratory of
Microbiology, Wageningen University, The Netherlands.
FDGlu was purchased from Invitrogen. The other chemicals
were purchased from Sigma-Aldrich, The Netherlands. Before
mixing, each solution was degassed by placing into a
desiccator to remove oxygen molecules in the solution.

Enzyme activity in bulk experiment

To verify the reliability of the experiment performed in our
droplet-based microfluidic platform, we compared the kinetic
activity obtained from our device to that from a bulk
experiment using a fluorescence spectrophotometer (Perkin
Elmer).

Protocol to determine enzyme activity in droplets

The aqueous and oil solutions were separately loaded into the
fluidic device to create droplets. After a large amount of
generated droplets had entered the outlet channel (see Fig. 2),

all syringe pumps were stopped to halt the movement of
droplets. To follow the evolution of the fluorescence intensity
in each droplet, at regular intervals snapshots of the array of
droplets were made by the EMCCD camera. For each snapshot
the fluorescence illumination was just 5 s to limit product
photobleaching. The fluorescence intensities in each indivi-
dual droplet were later determined by using a program ImageJ
(NIH Image). The array also contained some (2–10%) larger
(merged) droplets, but only the data from non-merged
droplets in the diameter range of 2.5–3 mm were used for the
analysis in this experiment. All experiments were performed at
room temperature (25 uC).

Results and discussion

Droplet generation

For the purpose of single-enzyme encapsulation a fluidic
platform consisting of a microfluidic network and a T-junction
nanofluidic network was used (Fig. 2). The oil solution and the
aqueous solution were individually loaded into the device at
positions 1 and 2 indicated in Fig. 2 Left, respectively, flowing
through the microchannels as indicated by the large arrows in
Fig. 2 Left. When reaching the flow split at the positions 3 and
4 for the oil and aqueous phase networks, respectively, tiny
portions of both fluids were split off into the nanochannels as
indicated as the small arrows. Subsequently at the T-junction
in the nanofluidic network (Fig. 2 Right), shear was exerted on
the tip of the dispersed phase stream by the continuous phase
generating femtoliter water droplets which flowed to the outlet
nanochannel.

After formation the droplets were squeezed by the top and
bottom walls of the nanochannel, generating a non-spherical
shape. The squeezed droplets in the nanochannels in principle
would provide a larger detection area as compared to spherical
droplets of the same volume, but the squeezed droplets were
found to be prone to merging. When a downstream outlet
microchannel was added to our fluidic network (Fig. 2), in it
the squeezed droplets relaxed to a spherical shape driven by a
reduction of the interfacial energy. The spherical droplets
proved more stable to merging and were therefore preferably
used as carriers for prolonged observation. In the experiments
with nPG the diameter of around 90% of the droplets was
found to range from 2.5–3.1 mm (average 2.9 mm) in diameter.
The remainder of the droplets had a larger diameter with
peaks at approximately 3.3, 4.0 and 4.6 mm (Fig. S8 in ESI3),
probably resulting from merger of 2, 3, 4 droplets during the
prolonged measurement. Only the data of the droplets in the
range of 2–5–3.1 mm was used for analysis. In the experiments
without nPG approximately 97% droplets was found to have a
diameter around 2.9 mm, indicating much less droplet fusion.

Photobleaching

One drawback of the fluorescein molecule is its relatively high
rate of photobleaching, especially in the presence of oxygen
molecules.28 Since this would lead to the misinterpretation of
the amount of fluorescent molecules in the system, the
solution was only exposed to the excitation wavelength for a
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few seconds for every single snapshot taken. Furthermore,
oxygen molecules were removed from the system. Initially we
also added the anti-oxidant n-propyl gallate (nPG) to the
solution.29–31 The experimental details of the effect on
photobleaching in our system are described in section 3 of
the ESI3.

Enzyme activity in bulk experiment

From the experiment on the fluorescence spectrophotometer,
the obtained product formation rates of the reaction are
plotted as a function of the substrate concentration (Fig. S7 in
ESI3). The data points were fitted using the Michaelis–Menten

equation, resulting in Km (Michalis–Menten constant) and Kcat

(turnover number) values of 25.6 mM and 5.7 s21, respectively.

Enzymatic reaction in the presence of n-propyl gallate

After droplet formation, the fluorescence intensity of single
droplets was plotted against time (Fig. 3). Initially a fluctuating
background signal was measured, implying that the fluores-
cence from the fluorescent product in this time remained
smaller than the background signal. This time during which
no product was detectable is labeled as ‘‘delay time’’. After this
delay time, the fluorescence intensity for some period
increased proportional with time. The rate of increase of
fluorescence intensity in this period was taken to represent the

Fig. 3 The evolution of the fluorescence intensity from the enzymatic reaction in the presence of nPG. In the first part, labeled as ‘delay time’, the signal from the
fluorescein remains lower than the background fluorescence. In the second part, the fluorescence intensity increases above the background fluorescence level and is
used to determine the enzyme kinetics. The continuous phase was silicone oil with 4% Span80 and the aqueous phase was FDGlu (200 mM), b-glucosidase (0.1 nM),
and nPG (5% w/v) in PBS solution.

Fig. 4 Encapsulation of enzyme and substrate into droplets. (Left) Bright-field image of the array of droplets; (Right) Fluorescence image of the same system after
incubation for 1335 min. A few merged droplets are visible, which were excluded from analysis. The droplet size of the non-merged droplets is around 2.9 mm. The
continuous phase was silicone oil with 4% Span80 and the aqueous phase was FDGlu (200 mM), b-glucosidase (0.1 nM), and nPG (5% w/v) in PBS solution.
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kinetic activity of the enzyme. Specifically, the fluorescence
intensity change between the 1200th and the 1335th minute
was used to extract the kinetic activity. Images of the array of
droplets containing the enzyme and substrate solution in
bright field and fluorescence imaging are shown in Fig. 4.

The increase in fluorescence intensity in each droplet
between minutes 1200 and 1335 is plotted in a histogram
(Fig. 5) revealing that it is periodically enhanced and can be
categorized into four peaks (0.2, 2.3, 4.7 and 7.0). According to
Michaelis–Menten kinetics, the enzyme activity is given by
Vmax = Kcat[E] (see ESI3). We interpreted these peaks as
generated by 0, 1, 2 or 3 enzyme molecules encapsulated in
the droplets since the intensity increase of the third (2
molecules) and fourth peak (three molecules) is approximately
two and three times higher than the second peak (1 molecule),
respectively. The resulting turnover number Kcat for the
enzyme activity is around 1.6 molecules of product per second.

The histogram of the occupancy of this enzyme fits well to a
Poisson distribution (Fig. 6) which is expressed by

f l,xð Þ~ lxe{l

x!
where l is a mean number of enzymes per

droplet and x is the number of enzymes per droplet. In this
experiment a mean occupancy l of 0.7 molecules/droplet was
measured while the calculated occupancy for droplets with a
diameter of 3 mm and an enzyme concentration of 0.1 nM is
approximately 0.9 molecules/droplet. These data strongly suggest a
successful encapsulation of single enzymes into the droplets.

In these experimental results, a Kcat was obtained (1.6 s21)
which is significantly lower than in the bulk experiment
(5.7 s21). We hypothesized that this lower kinetic activity could
result from inhibitory activity of n-propyl gallate (nPG) added
as an anti-oxidant reagent, (see also the discussion below).
Therefore the further experiments were performed without the
addition of nPG.

Enzymatic reaction in the absence of n-propyl gallate

In this experiment, the aqueous solution containing the
b-glucosidase (0.1 nM) and the substrate solution (200 mM)
was prepared in PBS buffer solution without the addition of
nPG. The droplet emulsion was subsequently prepared with
the same procedure as mentioned above. The evolution of the
fluorescence intensity recorded in a single droplet in the
absence of nPG is illustrated in Fig. 7. A much shorter delay
time (240 min vs. 1000 min) was observed as compared to the
previous experiment in the presence of nPG (Fig. 3).

The increase in the fluorescence intensity and hence the
enhancement of fluorescent product in each droplet from the
240th to the 260th minute is plotted in a histogram (Fig. 8) for
an enzyme concentration of 0.1 nM. From this histogram
(Fig. 8), the concentration of fluorescein was seen to be
periodically increased in four peaks which can again be
interpreted as corresponding to different numbers of enzymes
encapsulated into the droplets. The obtained Kcat from these
experiments was around 3.8 s21.

To confirm this single-enzyme encapsulation and our
interpretation, another experiment was performed by using a
two-fold higher concentration of the enzyme (0.2 nM). The
histogram of the increasing concentration of fluorescein in
each droplet is plotted in Fig. 9. For this case the resulting Kcat

was around 4.5 s21.
In Fig. 10, the experimental data obtained from the enzyme

solutions are plotted as fractional occurrence of droplets with
enzyme occupancy (0, 1, 2 or 3) using bars of dark grey and
light grey for the 0.1 and 0.2 nM of enzyme solution,
respectively. The Poisson distributions for the first and second
cases are depicted as dotted and straight lines, respectively. As
shown, the histograms for both experiments can be well fitted
to Poisson distributions (Fig. 10) with mean occupancies l of
0.62 and 1.24. The average enzyme occupancy in one droplet
(diameter of 2.9 mm) by calculation is 0.7 and 1.4 molecules for

Fig. 5 Histogram of the increasing fluorescence intensity from the 1200th to the
1335th minute. Four peaks can be interpreted as indicating the occupancy of
droplets by (0, 1, 2 and 3) enzymes. The continuous phase was silicone oil with
4% Span80 and the aqueous phase was FDGlu (200 mM), b-glucosidase (0.1
nM), and nPG (5% w/v) in PBS solution.

Fig. 6 Distribution of the occupancy of enzyme in each droplet (bar chart) fitted
to a Poisson distribution with a mean occupancy l = 0.7 (dash line). The
continuous phase was silicone oil with 4% Span80 and the aqueous phase was
FDGlu (200 mM), b-glucosidase (0.1 nM), and nPG (5% w/v) in PBS solution.

This journal is � The Royal Society of Chemistry 2013 Lab Chip, 2013, 13, 1955–1962 | 1959

Lab on a Chip Paper



the enzyme concentrations of 0.1 and 0.2 nM, respectively,
corresponding well to the mean occupancies (l) from the fitted
Poisson curves.

These data strongly indicate that single-enzyme encapsula-
tion was obtained into the femtoliter aqueous droplets
generated in our device. The evolution of the fluorescence
intensity as determined from the kinetic activity of the
encapsulated enzymes (3.8–4.5 s21) was slightly lower than
the enzymatic kinetic activity observed in bulk experiments
(5.7 s21), but much higher than the kinetic activities observed
in the presence of nPG (see discussion in the following
section).

Discussion

In the droplet experiments without nPG we obtained a kinetic
activity about 25% lower than in the bulk experiment. This
observation corresponds to several literature reports mention-
ing that the kinetic activity obtained in droplets in micro-
fluidic devices was lower than in the bulk experiments.32,33 In
literature possible explanations for this phenomenon are
under discussion.

As already mentioned, we also observed a delay time before
an approximately linear increase of fluorescent intensity was
observed (Fig. 3 and Fig. 7). Given the lowest detectable
concentration of fluorescein as 7000 molecules/droplet (as
separately determined using a calibration curve), and given a
Kcat of 3.8 s21, the fluorescence intensity should start to
increase around the 30th minute. In our experiment however,
it took place only at around the 230th minute (Fig. 7).
Therefore the main cause of the delay cannot be the
background fluorescence. A possible explanation is that the
fluorescent product initially is consumed by a process which
becomes saturated during the delay time. What could this
process be? Possibly a temporary adsorption of the enzyme
could occur at the water/oil interface. However, it would be
hard to explain why the enzyme would adsorb to the interface
only initially. A more probable explanation is therefore that the
fluorescence of the product initially is suppressed. This can
happen if the generated fluorescent product is adsorbed at the
water/oil interface, resulting in suppressed fluorescence. After
saturation of the interface (‘‘delay time’’), an increasing
fluorescence intensity will then be observed. It is also possible
that the fluorescein molecules diffuse into the oil phase in an
uncharged (hence non-fluorescent) state. This process has
indeed recently been observed in droplets with fluorescein and
has also been modeled.34–37 Only after equilibrium is reached
between droplets and oil, the fluorescein molecules produced
from the enzymatic reaction will then remain inside the

Fig. 7 The evolution of the fluorescence intensity from the enzymatic reaction in the absence of nPG. The data at the 240th and 260th minute were used to estimate
the enzyme kinetics. The snapshots of the array of droplets containing enzyme and substrate molecules without the addition of nPG at minute 240 (B), and 260 (C)
are shown.

Fig. 8 The increasing fluorescence intensity from the 240th to the 260th
minute. Four peaks can be interpreted as indicating the occupancy of droplets
by (0, 1, 2 and 3) enzymes. The continuous phase was silicone oil with 4%
Span80 and the aqueous phase was FDGlu (200 mM) and b-glucosidase (0.1 nM)
in PBS solution.
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droplet resulting in an increasing fluorescence intensity. At
present we cannot distinguish between both hypotheses,
though on the basis of recent literature reports the latter
seems more probable.

In the experiment in the presence of n-propyl gallate (nPG),
the measured kinetic activity was only 1.6 s21, while it
increased to 3.8–4.5 s21 in its absence. On the basis of this
we hypothesize that the nPG behaves as an inhibitor for the
enzymatic reaction. When considering the structure of nPG as
shown in Fig. 11A, its structure is somewhat similar to one
side of the structure of cellobiose which is a natural substrate

of b-glucosidase (see Fig. 11). Thus, nPG might indeed be a
(partial) inhibitor of the glucosidase enzyme.

Finally, in the experiment in the absence of n-propyl gallate
(nPG), the fluorescein molecules produced from the enzymatic
reaction might undergo photobleaching, which might be a
general cause of the slightly lower values for the activity
obtained in comparison to the bulk experiment. The half time
of the fluorescein molecule under illumination from our setup
is around 5 min (see Fig. S4 in ESI3). For the observations, the
UV light was, however, illuminated for a few seconds only for
every single snapshot taken, resulting in a cumulative
exposure time of approximately 30 s, implying a negligible
photobleaching effect.

Conclusion

We have demonstrated a micro- and nanofluidic platform for
creating droplet arrays encapsulating single enzyme mole-
cules. The enzyme -glucosidase, generating fluorescent pro-
duct, was selected for a first demonstration. Femtoliter
aqueous droplets were generated in a hydrophobized glass-
based device. The histogram of the rate of fluorescence
intensity increase and hence the turnover number of the
enzymatic reaction in each droplet showed periodically-
increased peaks revealing the occupancy of droplets by
multiples of a single enzyme. The distributions fitted well to
a Poisson distribution verifying the achieved encapsulation of
single enzymes. The kinetic activity observed was somewhat
lower than that obtained from a bulk experiment.
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