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The enzyme assay in a femtoliter chamber array is a simple and efficient method for concentrating the
reaction product; it greatly improves the detection sensitivity down to the single-molecule level.
However, in previous methods, controlling the initiation and termination of the reaction in each
chamber is difficult once enclosed. Furthermore, the recovery of the enzyme and product is also
difficult. To overcome these drawbacks, we developed a femtoliter droplet array in which the individual
droplets are fixed on the substrate and are directly accessible from outside. A hydrophilic-in-
hydrophobic micropatterned surface was used for the preparation of the droplets. When the aqueous
solution on the surface is exchanged with oil, the hydrophilic surface retains the aqueous solution, and
more than 10° dome-shaped droplets that are usable for further assay can be prepared simultaneously.
The curvature radius of the droplet obeys the Young-Laplace equation, and the volume can be
precisely controlled by the micropipette, which applies pressure into the droplet. Changing the pressure
makes the addition, collection, and exchange of the aqueous content for individual droplets possible.
Using these advantages, we successfully measured the kinetic parameters of the single-molecule enzyme

B-galactosidase and rotary motor protein F;-ATPase enclosed in a droplet.

Introduction

Reducing the assay volume by miniaturizing experimental
systems is a major topic for lab-on-a-chip (LOC) and micro-
total-analysis-system (uWTAS) technologies being applied in
biology."™ Doing so makes it possible to achieve high-
throughput measurements while saving precious samples and
expensive reagents. Reaction chambers with volume scales of
picoliters have been fabricated by combining poly-
dimethylsiloxane (PDMS) microchannels and valves.>® In these
systems, the solutions in the chambers separated by a valve can
be mixed and separated again by opening and closing the valve;
control of the reaction initiation and termination is possible. This
has been successfully applied to counting low copy numbers of
protein in single cells.” In addition to the chamber array con-
sisting of the PDMS channel and valve, water-in-oil emulsion
microdroplets have also been often used as microreactors.'***
Many droplets can be rapidly generated in the microchannel at
rates of up to 30 kHz; this allows for the preparation of high-
density microdroplet arrays.’ Since droplets in an array tend to
spontaneously fuse with each other, amphipathic detergents are
usually added for stabilization. Nontoxic and biocompatible
detergents have recently been developed, because many
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detergents exhibit unwanted effects on biological samples such as
denaturation of the proteins and cell toxicity.'>'¢ Controlled
coalescence of droplets can be used to merge the contents and
initiate the reaction.'”2°

Further reduction of the assay volume to the femtoliter level
provides a significant advantage for highly sensitive detection of
enzyme reactions down to the single-molecule level; a very small
amount of reaction products confined to femtoliter volumes
results in a very high concentration and makes it possible to
apply conventional detection methods such as fluorescence.
However, decreasing the reaction volume to the femtoliter level
in channel-valve PDMS chambers and droplet arrays is not easy.
The channel-valve chambers need many connections to the
outside for controlling the air pressure or the flow of liquids,
making the device relatively large and complicated. Generating
a stable array of droplets with the size of several micrometers is
not easy even in the presence of detergents.

In a previous study, we developed a simple method for easily
preparing a femtoliter chamber array for the single-molecule
assay of enzymatic reactions.?’?* In our previous method, the
chamber was prepared by sandwiching the sample solution
between a PDMS or polyacrylamide (PAA) gel with many
microcavities on the surface and a coverglass. Following our
study, other types of femtoliter chambers have been prepared by
bundling optical fibers with microcavities on the tip and with
silicon sheets,?*?¢ or combining PDMS microwells with valve in
the microchannel.?” Using fluorogenic substrates, the single-
molecule enzymatic activity of B-galactosidase and horseradish
peroxidase enclosed in the chamber can easily be measured under
a conventional epi-fluorescence microscope.**>*’ By combining
the PDMS chamber with a single-molecule manipulation tech-
nique (magnetic tweezers),?® the chemomechanical coupling
efficiency of a rotary motor protein F;-ATPase (F;) was
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estimated.?*3! In addition, PAA chambers that can transfer
small molecules into the chamber through the gel matrix have
been applied to the single-molecule analysis of DNA. Cleavage
of a single DNA molecule with a restriction enzyme triggered by
magnesium ion influx into the PAA chamber and direct size
estimation of free-standing DNA fragments elongated by elec-
trostretching in the PAA chamber have been carried out.?? The
PAA chamber has also been applied to amplification of a single
DNA molecule by loop-mediated isothermal amplification.

As mentioned above, femtoliter chambers with solid micro-
cavities are simple and versatile; they can be easily combined with
other single-molecule techniques based on optical microscopy.
However, they have two drawbacks: both access to individual
chambers and the manipulation of the content are difficult. In
this manuscript, we report the development of a detergent-free,
femtoliter droplet array fixed on a hydrophilic-in-hydrophobic
patterned surface.?*3* In our new method, more than 10° dome-
shaped droplets that are usable for further assay can be prepared
simultaneously. The most prominent feature is that we can access
and manipulate the individual droplets from outside using
a micropipette. The volume of individual droplets can be
precisely controlled; furthermore, the addition, collection, and
exchange of the aqueous content in an individual droplet are
possible. Because of these advantages, we could successfully
measure the kinetic parameters of single-molecule enzymes such
as B-galactosidase and F, enclosed in the droplet.

Experimental

Preparation of hydrophilic-in-hydrophobic micropatterned
surface

A hydrophobic polymer of carbon-fluorine (CYTOP, Asahi-
glass) diluted to 0.84 wt% with a solvent (CT-solv. 180, Asahi-
glass) was spin-coated on a cleaned coverglass (30 mm in
diameter, Matsunami) at 4000 rpm; it was then baked for 1 h at
180 °C. Photolithography was carried out with a high-viscosity
photoresist (AZP4903, AZ Electronic Materials) because the
CYTOP-coated surface had very low friction and could not be
fully covered with a low-viscosity photoresist. The resist-
patterned substrate surface was dry-etched with O, plasma by
a reactive ion etching system (RIE-10NR, Samco) to expose the
hydrophilic SiO, glass surface. The thickness of the CYTOP
layer was 17 nm as measured by an atomic force microscope
(VN-800, KEYENCE).

General methods of droplet array formation

The hydrophilic-in-hydrophobic micropatterned coverglass was
attached to the bottom of a perforated Petri dish (35 mm in
diameter) and covered with aqueous solution. Oil (Fluorinert
FC40, Sigma), which has a higher density than water, was then
flowed into the aqueous solution near the substrate surface. The
hydrophilic SiO, glass surface retained the aqueous solution,
while the hydrophobic surface was covered with oil. As a result,
many droplets were formed simultaneously. To form individual
droplets one-by-one, the patterned coverglass was covered with
the oil first, and the aqueous solution in the micropipette was
ejected by contacting the hydrophilic surface.

Measurement of the curvature radius of the droplet

Droplets were formed by attaching a micropipette (Femtochip,
Eppendorf) onto the hydrophilic surface of the patterned
substrate covered with Fluorinert FC40 at various pressures
using a micromanipulator (MNM-21, Narishige) and pressure
controller (Femtojet, Eppendorf). The micropipette was filled
with 200 or 500 uM fluorescein (Invitrogen) in buffer A (100 mM
potassium phosphate, 0.02% 2-mercaptoethanol, 2 mM MgCl,,
pH 7.5). The fluorescence images of the droplets were obtained
by an inverted microscope (Ti-E, Nikon) equipped with
a confocal unit (CSU-X1, Yokogawa). The 3D images of the
droplet were constructed by software (NIKON) using slice
images taken along the Z-axis with intervals of 0.26 or 0.13 pm.
The curvature radius was determined from the image by ImagelJ
software assuming that the droplet fixed on hydrophilic pattern is
part of a sphere.

Single-molecule enzymatic assay of B-galactosidase activity

B-Galactosidase (B-gal) and fluorescein-di-B-garactopyranoside
(FDG) were purchased from Roche and Invitrogen, respectively.
Other chemicals were purchased from Wako. The injection of B-
gal (0.16 or 0.4 nM) and FDG (1 mM) in buffer A into the
droplet were carried out using a micropipette (Femtochip,
Eppendorf) equipped with a pressure controller (Femtojet,
Eppendorf). The phase-contrast and epi-fluorescence images of
the droplets were obtained simultaneously under an inverted
microscope (IX-71, Olympus) and were recorded by a digital
video recorder (DSR10, Sony). The recorded images were
captured and sent to a PC by a frame grabber board (Himawari
PCI, Library) as an 8-bit AVI file and analyzed by Image]
software. Conversion from fluorescence intensity to fluorescein
concentration was carried out by measuring the fluorescence
intensity of droplets which contained known concentrations of
fluorescein solution.

Single-molecule rotation assay of F;-ATPase in droplet

The o(Hisg at N-terminus/C193S);B(Hiss-Lys; at N-termi-
nus);y(S108C/1211C) subcomplex of the F{-ATPase (F,) was
used for the single-molecule rotation assay. F; was prepared as
previously described.? To attach a probe of rotation to the rotor
v subunit of F;, biotin-PEO4-maleimide (Dojin) was reacted
with thiol groups of two cysteine resides of the y. The probe
visualizing the rotation of F, the streptavidin-coated polystylene
bead was prepared in the lab as follows. The 220-nm polystyrene
beads (Polybead Amino 0.20 micron Microspheres, Polysciences)
were reacted with Biotin-PEO4-NHS (Thermo scientific) and
bound with streptavidin (Type II, Wako).

The single-molecule rotation assay of F; was carried out under
an inverted microscope (IX71, Olympus). First, the patterned
substrate attached to the perforated Petri dish (35 mm in diam-
eter) was covered with 1 mL of a buffer (10 mM potassium
phosphate, pH 8.0) containing 800 pM F; this was incubated for
10-15 min at room temperature to bind the stator o33 ring of F,
to the hydrophilic SiO; surface. The stator a3f; was immobilized
on the glass by the electrostatic interaction between the positively
charged poly-lysine residues introduced into the amino-terminus
of B subunits and the negatively charged glass surface. To remove
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unbound F;, 700 uL of buffer was removed, and 1 mL of fresh
buffer without F; was added. The removal and addition of the
buffer were repeated five times, and 300 pL of the buffer was left
to avoid evaporation. The buffer was replaced with 1 mL Fluo-
rinert FC40 to form droplet array containing F;. Excess buffer
was added on the top of Fluorinert FC40 to suppress evapora-
tion. Next, to block the nonspecific binding of the streptavidin-
coated beads to the hydrophilic surface, 5 mg/mL bovine serum
albmin and 500 nM ATP in buffer B (10 mM potassium phos-
phate, 1 mM phosphoenolpyruvate, 0.1 mg/mL pyruvate kinase,
2 mM MgCl,, pH 8.0) were injected by attaching the micropi-
pette (Femtochip, Eppendorf) for 5 s at 40-50 hPa (1 hPa = 100
Pa). The bead suspension containing 10 uM ATP in buffer C (10
mM potassium phosphate, 2 mM MgCl,, pH 8.0) was then
injected for 5 s at 50-60 hPa, by attaching a micropipette (inside
aperture 5-10 pm) prepared from a capillary (75 pL, Drummond
Scientific) using a puller (Model PC10, Narishige) and micro-
forge (MF900, Narishige). After finding the rotating particles,
the ATP concentration (JATP]) was changed by attaching other
micropipettes (Femtochip, Eppendorf, inside aperture 0.5 pm)
filled with different [ATP] in buffer B for 30 s at 40-50 hPa.
Phase-contrast images of the rotating beads were recorded to
a digital video recorder (DSR 10, Sony), and the rotation rate was
analyzed by custom software (Digimo).

Results and discussion
Formation and volume control of the droplet

An example of the hydrophilic-in-hydrophobic micropatterned
surface is shown in Fig. 1A. In our method, the droplet array is
formed very readily (Fig. 1B). First, the micropatterned surface is
covered with a aqueous solution. The oil (Fluorinert FC40),
which has a higher density than water, is then loaded into the
aqueous solution. The hydrophilic SiO, glass surface retains the
aqueous solution, while hydrophobic surface does not and
replaces it with oil; more than 10° droplets are formed simulta-
neously on this pattern (Fig. 1C). The size and density of the
droplets can be easily modulated by changing the pattern, and
the number of droplets formed simultaneously can be easily
increased by preparing the patterned surface with a larger area.
So far, we have achieved the formation of 1 x 10° droplets in an
area of 100 mm? using the 4.8 um (in diameter) hydrophilic
patterns spaced by 10 pm (center-to-center distance between
patterns) in hexagonal close packing.

The droplets do not have solid walls but are isolated from each
other by oil; they are accessible from outside. Access to indi-
vidual droplets can be achieved by a commercially available
micropipette (Femtochip) and a pressure controller connected to
the micropipette, which is generally used for injection into
mammalian cell lines. When relatively high pressure is applied
inside the micropipette and the tip is attached to the preformed
droplet, the solution in the micropipette can be injected. The
solution is not ejected from the micropipette unless the tip
touches the droplet due to the large interfacial tension between
water and oil. Fig. 2A shows a heart-mark frame formed by the
injection of water at a pressure of 80 hPa. In contrast, when we
set the pressure inside the micropipette to 0 hPa and contact the
tip to the droplet, the solution in the droplet is sucked into the

—

O (
(@)
O
(#)
(&)
O
(&)

]
/

Droplet

Exchange Ol l

Fig. 1 Formation of femtoliter droplet array. (A) An example of the
hydrophilic-in-hydrophobic micropatterned surface. Hydrophilic SiO,
circular patterns (20 pm in diameter) in the hydrophobic polymer
(CYTOP) layer. (B) Schematic drawing of droplet array preparation
procedure. Water on the micropatterned surface is exchanged with oil.
(C) Droplet array formed on surface. Scale bars: 50 um.

micropipette by capillary force (Fig. 2A right, inside the heart-
mark). As shown here, the volume of the droplet can be regulated
by applying pressure inside the micropipette. The flow through
the aperture of the micropipette stops spontaneously when the
pressure inside the micropipette is balanced with interfacial
tension of the droplet. The critical contact angle of 7v/2 seemed to
be the upper limit for the formation of a stable droplet as
reported previously.**** When the pressure higher than a critical
value (see below) was applied, the flow from the micropipette no
longer stopped and the droplet continued to expand.

Fig. 2B shows fluorescence images of three droplets containing
fluorescein; these images were obtained with a confocal micro-
scope. These droplets were formed on hydrophilic circular
patterns with diameters of 20 pm at pressures of 80, 60, and 40
hPa. Using the fluorescence images, we measured the heights of
droplets formed on the hydrophilic circular patterns with
different diameters and calculated the curvature radii assuming
that they formed partial spheres (Fig. 2C). The pattern is fully
covered with buffer solution after the droplet formation and the
diameter at the bottom of droplet is same as that of circular
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Fig. 2 Volume control of the droplet by micropipette. (A) Left: A heart-
mark frame formed by injection of water with a micropipette at 80 hPa on
20 pm circular patterns. In the phase-contrast image, the high side-walls
of droplets look white. Right: Droplets inside the heart-mark were sucked
out at 0 hPa. Scale bars: 50 pm. (B) Top and side view images of the
droplets formed on 20 pm circular patterns at 80, 60, and 40 hPa. Images
were taken by a confocal fluorescence microscope, and a 3D image was
constructed. (C) Curvature radii and (D) curvatures obtained on SiO,
circular patterns with diameters of 10, 20, and 30 pm at various pressures.
Black lines are fittings by the transformed Young-Laplace equation.

pattern. The deviation of the image from partial sphere in
Fig. 2B, larger at the position far from the glass surface, is the
artifact due to the optical resolution of the confocal microscope
in the Z-direction. The standard deviations in the estimation of
the curvature radius and the curvature (reciprocal of curvature
radius, Fig. 2D) were ~5%, that resulted in the volume variation
of ~8%.

The relationship between the pressure and curvature radius
can be fitted by the transformed Young-Laplace equation:

I/R = AP/2'Ywater—oil

where R, AP, and 7Yyateroil are the curvature radius of the
droplet, difference between the pressure inside and outside the
droplet, and interfacial tension between water and oil, respec-
tively. In this equation, maximum value of the AP for stable

droplet formation is obtained when R reached the radius of the
circular hydrophilic pattern, where the contact angle becomes
7/2.3%3* The curvature was found to be proportional to the
applied pressure inside the micropipette (Fig. 2D). Using this
relationship, we estimated yyater—oii to be 39.3 £+ 0.8 mN/m. This
value is slightly lower than those (52-54 mN/m) reported previ-
ously,¥”-*® presumably due to the difference in the composition of
the aqueous phase.

Slow leak of fluorescein from droplet

We investigated the possible leakage of fluorescein, which was
used in the single-enzyme assay described in the next section.
Although fluorescein has a negative charge at neutral pH and is
highly soluble to water, its backbone structure consists of
aromatic groups that can be soluble in less polar solvents.
Fluorescein solution (1 puM) was injected into six droplets
surrounding one droplet without fluorescein (Fig. 3A); the
fluorescence intensity of each droplet was monitored for several
tens of minutes. While the fluorescence intensities of the outer
droplets decreased with time, that of the inner droplet slightly
increased (Fig. 3B). Fig. 3C shows the time course of the fluo-
rescence intensity. The decrease in fluorescence intensity of the
outer droplets could be fitted by a single exponential decay curve.
Under this condition, the time constant for the decrease in
fluorescence intensity was 51 min. This result indicates that the
leak of fluorescein from the droplet is relatively slow, since 51
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Fig. 3 Slow leak of fluorescein from droplet. (A and B) Fluorescence
images of droplets which is 8.5 pm in diameter and has 6.5 pm intervals.
Fluorescein solution (1 pM) was injected to the outer six droplets at 180
hPa. Images were taken at a rate of 30 fps and averaged over 5 frames.
Scale bar: 10 um. Images were taken just after preparation and after 40
min, respectively. (C) Time course of fluorescence intensity. Red circles
and green squares indicate the fluorescence intensities of the outer six
droplets and the droplet in the center, respectively. To suppress photo-
bleaching, the excitation light was irradiated only at the time shown for
~1 s. The black line shows fitting by a single exponential decay function.
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min is the lower limit when including the effect of photo-
bleaching, and individual single-molecule measurements at least
for several minutes can be done without considering concentra-

tion change.

Single-molecule enzymatic assay of B-galactosidase enclosed in

a droplet

As a potential application of our accessible droplet array, the
catalytic activity of B-galactosidase (B-gal) was measured at the

substrate fluorescein-di-B-galactopyranoside (FDG) into fluo-
rescein, and the reaction can be monitored by the increase in
fluorescence. By mixing FDG solution with low concentration of

B-gal and using it as the aqueous phase of the droplet array
formation procedure (Fig. 1), we were able to enclose and detect

single B-gal molecules in the droplet array very easily as previ-
ously reported using PDMS chamber (data not shown).*!

However, quantitative single-molecule measurement of catalytic

single-molecule level (Fig. 4). B-gal hydrolyzes the fluorogenic pipette to control the droplet volume.
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activity was difficult since precise control of the droplet volume
was difficult with this procedure. Therefore, we applied a micro-

Fig. 4 Single-enzyme assay of B-gal. (A) Phase-contrast and fluorescence images of the droplet array with a 4.8 um diameter and intervals of 5.2 um. -
gal (0.40 nM in micropipette) was injected into each droplet at 290 hPa for ~1 s. Reaction was then started by the injection of 1 mM FDG at 300 hPa for
~1 s. Images were recorded at a rate of 30 fps and averaged over 11 frames. To suppress photobleaching, the excitation light was irradiated only at the
time shown for ~1 s. Scale bar: 5 um. (B) Time course for fluorescence intensity of the droplet. The numbers correspond to those shown in (A). (C)
Distributions for the increasing rate of fluorescein concentration at 0.16 nM (top) and 0.40 nM (bottom) B-gal. Blue lines show the fitting by two (top) or
four (bottom) Gaussian functions. (D) Ratio of droplets containing 0, 1, 2, or 3 -gals at different concentrations of B-gals (red bars, 0.16 nM; green bars,
0.40 nM). The circles and lines indicate the fitting assuming the Poisson distributions.
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We used a surface on which hydrophilic circular patterns with
diameters of 4.8 pm were arrayed. We first prepared a droplet
array containing the buffer solution. Then, 0.16 or 0.40 nM B-gal
solution was injected at 290 hPa to yield a droplet with a volume
of 14.8 fL, which was estimated from the results shown in Fig. 2.
The injection into each droplet was finished in ~1 s. The reaction
in each droplet was then started by the subsequent injection of
the 1 mM FDG solution at 300 hPa. Under this condition, the
final volume of the droplet was estimated to be 16.3 fL (Fig. 2).
The final concentration of FDG in the droplet (>92 uM) was
much higher than the Michaelis constant (18 uM) for the FDG
hydrolysis by the B-gal,* and the B-gal exhibited a hydrolysis rate
comparable to the maximum velocity.

Fig. 4A shows a time-series for the fluorogenic assay of B-gal,
which was initiated by injection of 0.40 nM B-gal and 1 mM
FDG. The fluorescence intensity of the individual droplets
increased with time. Under this enzyme concentration, each
droplet showed inhomogeneous fluorescent intensity, indicating
the stochastic injection of B-gal molecules. The velocity of the
fluorescence increase showed four discrete values, each corre-
sponding to catalysis by 0, 1, 2, or 3 molecules of B-gal in the
droplet, as confirmed below (Fig. 4B). The distributions of
activity in each droplet are shown in Fig. 4C. The distribution
showed two and four distinct peaks at 0.16 and 0.40 nM B-gal,
respectively. These distributions could be fitted by the sum of two
or four Gaussian functions. The intervals between the peaks of
the Gaussian functions were essentially the same, indicating that
0 or 1 molecules of B-gal were enclosed in a droplet at 0.16 nM
and that 0, 1, 2, or 3 molecules were enclosed at 0.40 nM. Using
the interval between the peaks, we determined the turnover rate
of a single B-gal enclosed in the droplet to be 14.7 + 7.5 and 23.8
+13.2 57! for 0.16 and 0.40 nM B-gal, respectively. The error was
chiefly due to the width of the Gaussian functions. Although the
assay at 0.16 nM B-gal produced lower activity for unknown
reasons, these results generally showed good agreement with
previously reported turnover rates (17-20 s~!).21°

Next, we calculated the ratio for zero, one, two, and three (3-gal
molecules being contained in each droplet by comparing the
areas of the Gaussian functions (Fig. 4D). The ratio obeyed the
Poisson distribution, and the average number of B-gal molecules
in the droplet was calculated to be 0.17 and 0.96 for 0.16 and 0.40
nM B-gal in the micropipette, respectively. These values were
lower than the expected numbers of 1.4 and 3.6 for 0.16 nM and
0.40 nM B-gal, respectively. A possible explanation for this
discrepancy is that B-gal molecules enclosed in a droplet may
escape into the micropipette when FDG is injected. However,
since the injection time was short (~1 s), this would be a minor
reason (for equilibration between the droplet and micropipette,
see the next section). Another possibility is that a significant
fraction of B-gal in the micropipette is deactivated before injec-
tion due to non-specific binding to the inside glass surface of the
micropipette. Since we did not coat the inside surface of the
micropipette with a non-specific binding blocker like bovine
serum albumin, this reason seems plausible. In contrast, once
enclosed in the droplet, B-gal molecules were not deactivated at
the interface between oil and water phase because fluorescence
intensity from the droplet continued to increase for at least
several minutes.

Determination of kinetic parameters for a single F;-ATPase
molecule

As a second application of the accessible droplet array to the
single-molecule assay, we measured the rotation rates for a single
F;-ATPase (F;),® a rotary motor protein, at various ATP
concentrations (JATP]). The rotation of F, can be directly visu-
alized by attaching a large probe to the rotor y subunit and by
fixing the stator a3B; subunits on the glass surface. However, in
a conventional flow cell with dimensions of millimeters and
a volume of microliters, measurement of the rotation rate for
a single F; at several [ATP] by buffer exchange is not so easy. The
main difficulty is that a large volume of buffer should be flowing
to completely exchange the flow cell content, and the flow during
the buffer exchange can easily detach the probes from F; or F,
from the glass surface. Therefore, in the conventional single-
molecule assay of Fj, rotation rates are often measured at only
one fixed [ATP] in one flow cell. A rotation assay in the droplet
can reduce this problem because equilibration is easily achieved
between the tiny volume of the droplet and the excess volume of
micropipette and a strong flow does not occur during the [ATP]
change.

When F;, streptavidin-coated 220-nm polystyrene beads (a
large probe), and 10 uM ATP were enclosed in droplets on
hydrophilic circular patterns with diameters of 20 um, rotating
beads were observed. We did not control the chemistry to allow
1 : 1 reaction ratio between F; and bead, so there is a possibility
that one bead binds to the multiple F; molecules. If the bead
binds to multiple F; molecules on the glass surface, it will not
rotate. Furthermore, there is a possibility that a single droplet
contains multiple F; molecules that are bound or not bound with
beads. So, to prevent ATP consumption by F; in droplet during
observation, the ATP regenerating system was added.

After finding the rotation, [ATP] in the droplet was sequen-
tially decreased by attaching new micropipettes (Femtochip,
inside aperture 0.5 um) filled with 1 and 0.5 uM ATP (Fig. 5A).
The rotation rate of F; at each [ATP] was then calculated from
the recorded images. Since the volume of the droplet was about
10-8 times smaller than that of the micropipette (on the order of
several tens of microliters), [ATP] in the droplet became equal to
that of the micropipette in a short time. The time required to
achieve equilibration under the conditions used in rotation assay
was estimated by the fluorescence imaging of the droplet con-
taining fluorescein (Fig. 5B). During observations, the fluores-
cence intensity gradually decreased due to photobleaching (blue
line). The time constant for photobleaching tyje.cn, Was determined
to be 152.2 + 10.8 s (mean + SD, n = 5) by fitting of the expo-
nential decay function: A exp(—#/Tpieach) + B. When the micro-
pipette filled with buffer was attached to the droplet at 50 hPa
during observations (arrow), the fluorescence intensity rapidly
decreased due to diffusion of fluorescein into the micropipette (red
line). The relaxation time 7., Was determined to be 8.3 £ 0.6 s
(mean + SD, n = 5) by fitting the sum of the two exponential decay
functions: 41 eXp(—#/Tpleach) + A2 €XpP(—t/Tre1ax) T C, Where Tpjeach
was fixed at 152.2s.

Fig. 5C shows a typical example of the time course for the
rotation of a single F; molecule enclosed in a droplet. When
[ATP] was decreased by attaching the micropipette for 30 s, the
rotation rate decreased due to the lower ATP binding rate to F,
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Fig. 5 Determination of Kkinetic parameters of single-molecule F,-
ATPase. (A) Schematic drawing of experimental set up (not to scale). The
ATP concentration (JATP]) was changed by attaching micropipettes filled
with different [ATP] solutions. (B) Relaxation time after attachment of
the micropipette to the droplet as measured by fluorescence imaging.
During observation of the droplet containing 15 uM fluorescein (red
line), a micropipette filled with buffer was attached at time zero at 50 hPa
(arrow). The fluorescence intensity change due to photobleaching is also
shown (blue line). (C) Example for time course of rotations of a single F,
at different [ATP]. (D) Dependence of rotation rate on [ATP] in the
droplet. Each color corresponds to the data from a single molecule. Lines
are fitting curves by the Michaelis—-Menten equation. (E) Dependence of
rotation rate on [ATP] in the flow cell. Each red point corresponds to the
data from different single molecules. Large circles are averaged values at
each [ATP]. The solid line is the fitting curve by the Michaelis—Menten
equation. The dashed lines indicate the width for the fitting considering
the standard deviations for distribution. (F) Distributions of K, Viax
and k4" as determined for single molecules of F;. Colors correspond to
the data shown in (D). Average values are indicated by horizontal lines.
The values determined by flow cell experiments (E) are also shown (black
circles).

at low [ATP] (Fig. SD). The dependence of the rotation rate of F,
on [ATP] obeys the Michaelis—Menten equation:*°

v = Vinax {{ATPY([ATP] + Ky,)}

where v, K., and V., are the rotation rate, Michaelis constant,
and maximum velocity, respectively. By fitting the results with
the Michaelis—-Menten equation we obtained the K, and V., of
the individual F; molecules. The K, and V., values determined
for individual F; molecules showed significant variation
(Fig. 5F). The average values of K, and Vi,,x were 0.57 + 0.11
puM and 5.3 + 1.2 Hz (mean + SD, n = 8), respectively. Although
the variation was not small, the average values showed good
agreement with those determined by the single-molecule assay
using the conventional flow cell (Fig. 5E). In the flow cell
experiment, K, and V., as determined by fitting the average
rate at each [ATP] with the Michaelis-Menten equation were
0.66 uM and 4.9 Hz respectively, and their distributions were in
the range of 0.52-0.78 uM and 3.5-6.3 Hz (Fig. SE, F).

In the conventional flow cell assay, relatively large variations
in the rotation rate of F; probed by an actin filament and
a colloidal gold particle have been reported.*** In our experi-
ment using 220-nm latex beads as a probe, similar results were
obtained; rotation rates at each [ATP] showed relatively large
variations (Fig. 5E). A possible explanation for this variation is
the difference in the drag coefficients of individual probes (bead
aggregates) attached to the rotor of each F; molecule. However,
in our assay in the droplet, we found that some F; molecules
showed lower (higher) rotation rate than others at all [ATP] in
addition to the variations between individual molecules
(Fig. 5D). Furthermore, the values of k5TF (= 3Vpa/Ky) for
individual F; molecules, which correspond to the binding rate
constant of ATP (F; hydrolyzes three ATP molecules per turn),
showed significant variations (Fig. 5F). Although K, and V.«
for the rotation of Fy is generally affected by the drag coefficient
of the probe, k4" is independent of the load. These results
suggest heterogeneity of the fundamental kinetic parameters,
such as the ATP binding, hydrolysis and product release rates
between individual F; molecules. Interesting phenomena for the
conformational dynamics and catalysis of some enzymes, such as
slow fluctuations, a memory effect, and dynamic disorder have
been reported.**** Investigation of the dynamic disorder for
kinetics on F; would be an interesting topic for future study.

Conclusions

The femtoliter droplet array developed in this study has several
advantages over previous femtoliter chambers, which have solid
walls. Because each droplet is isolated by oil, the droplets can be
accessed from outside. Precise control of the droplet volume,
initiation and termination of the reaction, and exchange of the
droplet content are possible. High-throughout quantitative
assays of biological and chemical reactions with addressing of
individual droplets can be realized under different conditions by
combining this system with an automated micropipetting system.
This femtoliter droplet array can be applied to the digital PCR
and the digital ELISA, which detect very low amounts of DNA
and diagnostic biomarkers down to the single-molecule level.*64”

Another important feature is the capability to recover the
droplet content. This feature will be useful for further
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applications of the accessible droplet array as a container for cell
culture. In our preliminary experiments, single bacterial cells
could be successfully cultured in the droplet and subsequently
collected. By culturing the cells in the presence of a specific
antibiotic, screening of the resistant bacteria and subsequent
identification of the responsible gene for the resistance can be
carried out.
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