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ABSTRACT: Digital bioassays have emerged as a new category of bioanalysis.
However, digital bioassays for membrane transporter proteins have not been
well established yet despite high demands in molecular physiology and
molecular pharmacology due to the lack of biologically functional
monodisperse liposomes with femtoliter volumes. Here, we established a
simple and robust method to produce femtoliter-sized liposomes (femto-
liposomes). We prepared 106 monodispersed water-in-oil droplets stabilized
by a lipid monolayer using a polyethylene glycol-coated femtoliter reactor
array device. Droplets were subjected to the optimized emulsion transfer
process for femto-liposome production. Liposomes were monodispersed
(coefficient of variation = 5−15%) and had suitable diameter (0.6−5.3 μm)
and uniform volumes of subfemtoliter or a few femtoliters; thus, they were
termed uniform femto-liposomes. The unilamellarity of uniform femto-
liposomes allowed quantitative single-molecule analysis of passive and active transporter proteins: α-hemolysin and FoF1-
ATPase. Digital gene expression in uniform femto-liposomes (cell-free transcription and translation from single DNA
molecules) was also demonstrated, showing the versatility of digital assays for membrane transporter proteins and cell-free
synthetic biology.
KEYWORDS: liposome, digital bioassays, membrane transporter, cell-free gene expression, single-molecule analysis, microdevice

Digital bioassays have emerged as a novel paradigm of
bioanalytical strategy for highly sensitive and
quantitative measurements.1−3 This technology en-

ables the quantification and detailed analysis of various kinds of
biomolecules from nucleic acids and proteins to viruses at the
single-molecule/particle level.4−7 Thus, the representative class
of digital bioassays, such as digital polymerase chain reaction
(digital PCR)8,9 and digital enzyme-linked immunosorbent
assay (digital ELISA),10,11 has already been commercialized as
a next-generation platform for diagnostic tests. In a typical
format of digital bioassays, each target molecule is stochasti-
cally encapsulated in microcompartments at the single-
molecule level. Then, target molecules themselves or enzyme
molecules bound to target molecules via a binder (e.g.,
antibodies) catalyze fluorogenic reactions, thereby producing
fluorescence dye molecules. Due to the small volume,
microcompartments encapsulating target molecules accumu-
late fluorescent dyes, yielding a detectable level of fluorescence
signal in a short time (typically, a few minutes), while
microcompartments with no target molecule remain dark.

After the fluorescence signal is binarized, the total number of
target molecules for the positive reactors can be counted.
Digital bioassays in the microcompartmentalization method

have key technological features. First, microreactors have to be
sufficient and suitably small to enrich the fluorescent reaction
product within practical timeframes. In digital PCR or other
detection methods producing signals via exponential amplifi-
cation, relatively large reactors, 10−100 μm in diameter, are
applicable for the assays. Smaller reactors, 10 μm or less, are
required for enzyme-based digital assays such as digital ELISA,
which amplify fluorescence signals monotonically with
incubation time. The second requirement is uniformity in
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reactor size. This is requisite for quantitative digital bioassays
to ensure the equal probability of target encapsulation among
reactors. Although one of the earliest single-molecule enzyme
detection systems was achieved by partitioning β-galactosidase
assay solution in water-in-oil emulsions in the 1960s,12

quantitative analysis had to wait over 40 years until regularly
shaped micron-sized reactors became available for single-
molecule enzyme assays.5 Subsequently, various microcom-
partmentalization techniques for digital bioassays have been
explored, including microcavities on a glass gasket4 or water-in-
oil droplet array displayed on fabricated polymer sheet13 or on
a slipchip.14 Freely suspended water-in-oil droplets generated
with flow-focusing microchannel15,16 and particle-based
emulsification17 are also used in digital bioassays, although
many of them were used for DNA detection because of the
relatively large size.
With the expansion of the microcompartmentalization

technology, a variety of bioassays have also explored
implementation in a digital format. Examples of digitized
nucleic acid detection assays include PCR, loop-mediated
isothermal amplification (LAMP),18,19 and digital nucleic acid
sequence-based amplification (NASBA).20 Various fluorogenic
enzyme assays have also been developed to expand the variety
of enzymes and available colors for digital bioassays.21−26

These are considered the basis for multiplex analyses for
enzyme-based assays such as digital ELISA. Fluorogenic
influenza virus detection was also digitized for highly sensitive
detection.7

Thus, this field has been seeing considerable progress,
expanding microcompartmentalization methods and biochem-
ical wetwares. However, digital bioassays remain limited to
water-soluble molecules and simple biochemical systems. For
example, digital bioassays for membrane proteins are very few,
despite the large demand for quantitative analysis of membrane
proteins from molecular physiology and pharmacological
studies.27 To address this challenge, we developed arrayed
lipid bilayer chamber systems (ALBiCs) based on the
femtoliter reactor array device (FRAD) for quantitative digital
bioassay for membrane transporter proteins.28 Although it
enables quantitative analysis of single transporter molecules
like α-hemolysin, ATP synthase, and TMEM16F (a
phospholipid scramblase),29 the device surfaces of the
microreactor device often cause nonspecific interaction and
absorption of molecules.28 We also explored the possibility of
implementing more complex systems in a FRAD system: cell-
free transcription and translation from single-molecule DNA
(digital gene expression) was developed for highly accurate
selection of clones encoding enzymes with enhanced catalytic
activity.30 However, these methods still have limitations when
one aims to avoid nonspecific interaction of molecules with
device surfaces or to reconstitute more dynamic systems
accompanying morphological changes in membranes, like
fusion, fission, budding, or division.31

A simple and fundamental solution for these problems is to
use monodisperse liposomes as the microreactors. This is
because the lipid bilayer of the liposome has the ideal surface
for most biomolecules to avoid nonspecific absorption.32 In
addition, the lipid surface is reported to stimulize the assembly
or aggregation of biomolecules such as amyloid formation.33

Thus, monodisperse liposomes would be a platform allowing
quantitative features of disease-related degeneration of
biomolecules. Moreover, the lipid bilayer is physically flexible
to show dynamic morphological changes under adequate

stimuli. However, conventional methods for the preparation of
liposomesreverse-phase evaporation, electroformation,
emulsion transfer or thin-film hydration methodsresult in
size polydispersity.34 Although the size-extrusion process
produces more uniform liposomes, the coefficient of variation
in size still remained around 20−40%.35 Furthermore, the size
of the liposomes prepared with extruders is too small (in the
range of 10−100 nm) for quantitative analysis under optical
microscopy. For the production of monodisperse liposomes
suitable for optical microscopic analysis, several types of
microsystems have been reported, including flow-focus devices
or pulsed jet flow systems.36 These techniques realize the
preparation of monodisperse liposomes with sufficiently low
coefficient of variation (>4%). These liposomes prepared in
such microsystems are typically 10 μm or larger,37 too large for
digital assays of membrane transporters. A few examples are
found where liposomes smaller than 10 μm were pre-
pared.38−43 However, the biofunctionality of such liposomes
was not tested, and single-molecule analysis was not explored.
Here, we present a simple and robust method to produce

>106 small and monodispersed water-in-oil (w/o) droplets.
The droplets were subjected to emulsion transfer to prepare
monodisperse liposomes in a high-throughput manner. The
generated liposomes displayed fine monodispersity, with a
coefficient of variation as low as 5−15%, resulting in a uniform
volume of subfemtoliter or a few femtoliters; these were
termed uniform femto-liposomes. We also confirmed the
functionality of the liposomes by testing the activity of
transporter membrane proteins. Quantitative digital assays for
passive and active transporter proteins, α-hemolysin and FoF1-
ATPase, are demonstrated to emphasize the merit of the
monodispersity of the uniform femto-liposomes. Finally, we
demonstrate digital and cell-free gene expression from a single
molecule of DNA in uniform femto-liposomes, showing the
possibility to build more complex systems for cell-free
synthetic biology research.

RESULTS AND DISCUSSION
Preparation of Monodisperse Droplets. For the

production of monodisperse droplets with a diameter of
0.6−5.3 μm, we used a femtoliter reactor array device (FRAD)
displaying micron-sized droplets, which has been used for
single-molecule enzyme assays,13 digital ELISA,10 arrayed lipid
bilayer systems,28,29,44 and cell-free gene expression from a
single DNA molecule (digital gene expression).30 The FRAD is
composed of a million micron-sized through-holes of a
fluorinated polymer sheet cast on a coverslip glass (Figure
1a). For solution injection, the flow cell structure was
constructed by assembling the fabricated device, a spacer
sheet, and a top coverslip glass with an access port for injection
of the solution. After the aqueous solution was introduced, the
excess amount of solution was flushed with oil containing 10
mg/mL of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
to stabilize the water−oil interface of the droplets. As a result, a
million regularly shaped micron-sized droplets were displayed
on the device. To facilitate the release of droplets from the
FRAD, the glass surface at the bottom of the reactors was
modified with polyethylene glycol (PEG). Owing to the high
wettability of the PEG-modified surface,45 the droplets
spontaneously released from the side wall of the reactors
while still attached on the PEG-modified glass surface (Figure
1b, Supplementary Movie 1). By gently tapping the flow cell or
the microscope stage with a finger (Supplementary Movie 2),
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the droplets were readily released and became buoyant in the
upper oil phase. The droplet release by tapping was highly
efficient: 99.7% of the droplets were released in each
preparation (Supplementary Figure S1). The release droplets
were recovered from a flow chamber by manual pipetting.
During this process, the significant fraction of droplets was lost
(Figure S1a). Although this process remained to be optimized,
for example, by use of micropump systems, the total number of
droplets was still enough for the subsequent emulsion transfer
process.
One may consider employing sonication treatment for

droplet release rather than manual tapping of flow chamber
device. However, sonication treatment was not efficient for
droplet release and it also caused polydispersity of droplets due
to random fusion among droplets. The droplet formation and
release were repeatable over five times using a single device
(Figure S2). The PEGylated device was stable for 3 weeks
while the droplet generation efficiency slightly decreased after
4 weeks (Figure S1b), which would be improved after
optimization of chemicals and device surface treatment.
The diameter of the released droplets was considered to be

defined by the volume of the microreactors. To confirm this,

various microreactors with different diameters and depths were
tested. Figure 2a shows fluorescence images of the droplets
with different diameters. The size distributions shown in
Figure 2b obeyed a simple Gaussian distribution, with a small
coefficient of variation (only 4−10%, regardless of droplet
size). As a result, the diameter of the released droplets was
consistent with that expected from the volume of the
microreactors (Figure 2c).

Formation of Uniform Femto-liposomes. Liposomali-
zation of w/o droplets was carried out by the bulk emulsion
transfer method.46 The droplet suspension was loaded onto
the oil medium in a test tube holding the oil phase on the top
and the water phase at the bottom, as illustrated in Figure 1c.
The tube was centrifuged to spin down the droplets into the
water phase. When the droplets passed through the oil−water
interface, they were covered with the outer lipid layer to form
liposomes. The production efficiency of liposomes from
droplets is dependent on the centrifugal force and surface
tension at the oil−water interface. The phase transfer yield
decreased for smaller liposomes, as reported previously47

(Figure S3). We found that the surfactant Pluronic F-68
reduces the surface tension to facilitate the emulsion transfer.
We also tested several types of lipids and found that 1,2-
dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) provided the
highest yield of liposome production (25%) (Figure S4). To
gain higher gravitational forces for efficient emulsion transfer,
we introduced sucrose inside the liposomes, while glucose was
added to the external buffer medium at a concentration
equivalent to that of sucrose for balancing the osmotic
pressure. The sucrose/glucose concentration was changed
from 50 to 500 mM. The lowest coefficient of variation of
liposomes was obtained at 500 mM (Figure S5). Representa-
tive fluorescence images of liposomes prepared from droplets
with various sizes are shown in Figure 3a. Figure 3b shows the
size distributions. The variations were mostly comparable to
those of droplets: the coefficient of variation was only 5−15%.
The correlation between the diameter of the droplets and
liposomes was very high, as seen in Figure 3c, showing that the
diameter and volume of the liposomes are defined by the
original volume of the microreactor on the FRAD.

Lamellarity of Liposomes. The unilamellarity of lip-
osomes is indispensable for biological assays of membrane
proteins such as membrane transporter proteins. To investigate
the lamellarity of uniform femto-liposomes, we conducted
transport assays of α-hemolysin, a transmembrane pore-
forming toxin (ϕ = 1.5 nm) widely used as a model transporter
protein owing to its ease in handling and measurement. Biotin-
modified liposomes (ϕ = 2 μm) were prepared and tethered on
the streptavidin-coated glass surface. For the detection of the
transporting activity of α-hemolysin, the fluorescent dye Alexa
Fluor 488 was encapsulated in the liposomes at 10 μM as the
transport substrate (Figure 4a). When α-hemolysin was
introduced at 100 μg/mL into the flow chambers, over 85%
of liposomes exhibited the clear decay of fluorescent intensity
(Figure 4b,c). The control experiments without α-hemolysin
maintained the original fluorescent signal over time (gray line
in Figure 4d). Thus, it was confirmed that 85% of the
liposomes have a functional unilamellar lipid bilayer (Figure
4e). A possible reason for the 15% of nonreactive liposomes is
that some liposomes have thicker bilayer containing emulsion
transfer oil (see also the Conclusion for further discussion).

Digital Bioassay of α-Hemolysin. We then tested the
feasibility of digital assay for α-hemolysin by limiting its

Figure 1. Production of uniform femto-liposomes. (a) Schematic
image of the fabricated device containing more than 1000000
arrayed chambers (diameter: 2.2−9.8 μm; height: 26−910 nm).
(b) Schematic (top) and fluorescence (bottom) images of the
process for monodisperse emulsion droplet production. Aqueous
solution was stained with Alexa Fluor 647 (10 μM) fluorescent dye
in basal flow cell buffer, basal FCB (1 mM potassium phosphate at
pH 7.5, 100 mM KCl, 2 mM MgCl2, 500 mM sucrose). Excess
solution was flushed with basal flow cell lipid, basal FCL (10 mg/
mL DOPC in a mixture of 80% mineral oil and 20% chloroform).
The detailed information on chemical compositions is provided in
Supplementary Table S1. The inside chamber surface was modified
with PEG2000. The formation of droplets was completed within 5
min. Scale bar, 10 μm. (c) Schematic image of the emulsion
transfer method. Droplets were put in emulsion transfer lipid oil,
ETL (2 mg/mL DOPG, 0.1 mg/mL cholesterol in 80% mineral oil
and 20% chloroform mixture), placed on emulsion transfer buffer,
ETB (1 mM potassium phosphate at pH 7.5, 100 mM KCl, 500
mM glucose, 5% (w/v) Pluoronic-F68), and then centrifuged.
Liposomes were collected from the bottom of a centrifuge tube.
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concentration. While α-hemolysin is soluble in aqueous
solution as a monomer protein, it assembles into a
homoheptamer ring on lipid membranes, forming a nanopore,
herein referred to as an α-hemolysin nanopore molecule to
facilitate passive transport of small chemicals. Thus, by
introducing α-hemolysin solution to liposomes from outside,
single molecules of α-hemolysin nanopores are stochastically
formed on individual liposomes. α-hemolysin solution was
introduced in the flow cell, on which 2 μm femto-liposomes
were immobilized (Figure 4a), at a concentration of 0.1 μg/
mL, according to our previous single-molecule measurements
of α-hemolysin nanopore with the arrayed lipid bilayer
chamber.28,44 As expected, the liposomes showed the two
distinctive activities (Figure 4b−f): 4% of the liposomes
showed transport activity by exponentially decreasing the

fluorescence signal, while the remaining 96% did not show a
significant change. Figure 4d presents the typical time-courses
of active liposomes that show a single exponential decay of
fluorescence signal. The histogram of rate constants
determined from the fluorescence decay showed distinct
peaks (Figure 4g). Besides the leftmost peak, which
corresponds to empty (nonactive) liposomes, there are one
or two additional peaks. The second and third left peaks were
attributed to the transporting activities of one or two molecules
of α-hemolysin nanopores, respectively, for the following
reasons. First, the rate constant was quantized, as seen in the
distinct peaks in the histogram of the rate constants. Second,
the intervals between the peaks, intervals of first-second and
second-third peaks, are coincident. Third, the peak positions
were not changed, irrespective of the concentration of α-

Figure 2. Size range and distribution of monodisperse emulsion droplets. (a) Representative fluorescence images of monodisperse droplets
with different diameters. Scale bar, 10 μm. (b) Size distribution of droplets. Each droplet size was produced using microdevices with
different volumes (Table S2). The solid lines are the Gaussian fitting for individual histograms, whose averages and corresponding
deviations are 0.61 ± 0.08, 1.5 ± 0.1, 2.0 ± 0.1, 3.2 ± 0.2, 4.3 ± 0.2, and 5.2 ± 0.2 μm (from left to right). All histograms were calculated
from at least 100 droplets. (c) Correlation between chamber volume and produced droplet volume. Error bars show the standard deviations.
The gray dashed line is the linear fitting with a correlation coefficient of 0.98.

Figure 3. Size range and distribution of monodisperse liposomes. (a) Representative fluorescence images of monodisperse liposomes with
various diameters. Liposome lumen and bilayer was fluorescently imaged with 10 μM Alexa Fluor 647 (magenta) or 0.01 mg/mL β-BODIPY
500/510 C12 (green). Detailed information on chemical composition is provided in Table S1. Scale bar, 1 μm. (b) Size distribution of
liposomes. Each size of the liposomes was acquired from different droplet sizes. The solid lines are the Gaussian fitting for individual
histograms, whose averages and corresponding deviations are 0.6 ± 0.1, 1.1 ± 0.1, 1.8 ± 0.2, 3.1 ± 0.2, 4.3 ± 0.2, and 5.3 ± 0.3 μm. All
histograms were calculated from more than 100 liposomes obtained from three independent preparations. (c) Correlation between diameter
of droplet and diameter of liposome. The error bars show the standard deviations. The gray dashed line is the linear fitting with a correlation
coefficient of 1.0.
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hemolysin, while the area (i.e., the number of liposomes) of
each peak changed depending on the concentration of α-
hemolysin. Fourth, the total number of active liposomes was
proportional to the concentration of α-hemolysin (Figure 4e).
These are typical features of single-molecule digital bioassays
where the signal was quantized mostly into 0 and 1 due to the
discreteness of the number of molecules, allowing for the
quantification of biomolecules by counting the number of
reactors showing positive signal.1 The rate constant of the
second left peaks, which corresponds to the activity of a single
molecule of α-hemolysin nanopore, was determined to be (4−
5) × 10−4/s. This rate of fluorescence decay corresponds to the
transport rate of approximately 10 molecules/s, which is
consistent with our previous single-molecule analysis of α-
hemolysin nanopore28,44 conducted under the same concen-
tration gradient of the substrate across the membranes.
Digital Bioassay of FoF1-ATPase. We then examined the

feasibility of the digital assay of an active transporter protein
with uniform femto-liposomes, considering their physiological
and medical importance and the high demand for quantitative
analysis of active transporter proteins.27 In general, the
quantitative measurement of active transporter proteins is
challenging owing to their large and complex architectures with
multisubunit compositions and lower transport activity, which

are often coupled with large conformational changes. Because
of these difficulties, most studies on uniform liposome
preparation do not test the availability of active transport
proteins. We measured the active H+ pumping activity of FoF1-
ATPase (FoF1) as a model active transporter protein by
reconstituting it into uniform femto-liposomes. FoF1 inter-
converts proton motive force (pmf) across a membrane and
free-energy of ATP via a rotary catalysis mechanism:48 F oF1
actively pumps protons hydrolyzing ATP under low pmf
conditions, while sufficient pmf drives FoF1 in the reverse
direction, and ATP synthesis is coupled with H+ translocation
along the pmf. Detergent-solubilized FoF1 was directly
incorporated into liposomes by suspending the precipitant of
liposomes in the solution containing detergent-solubilized
FoF1. The reconstituted FoF1 molecules expose F1 outwardly
due to the large water-soluble domain of F1. FoF 1 possesses
catalytic sites for ATP hydrolysis on the water-soluble domain,
thereby actively pumping H+ from the outside into the inside
of liposomes to acidify the inner medium of the liposomes
(Figure 5a). Reconstituted liposomes were immobilized on the
coverslip of a flow cell and observed under a fluorescence
microscope. The reaction was initiated by the addition of ATP
into a flow cell chamber. H+ pumping activity was measured
with a pH-sensitive fluorescent dye (RhP-M) that enhances

Figure 4. Fluorescence detection of passive transport via α-hemolysin. (a) Schematic image of passive transport by α-hemolysin nanopore.
Alexa Fluor 488 (10 μM) was encapsulated in 2 μm liposomes as a transport substrate. Liposomes were prepared with 6 μg/mg biotin lipid
and immobilized on a streptavidin-casted glass surface. Detailed information on chemical composition is provided in Table S1. (b)
Fluorescence images of liposomes. The images were recorded at 0 and 3600 s after injection of 100 μg/mL α-hemolysin solution. Scale bar,
10 μm. (c) Histograms of fluorescence intensity of liposomes at 0 and 3600 s after injection of 100 μg/mL α-hemolysin. (d) Time-course of
passive transport with 1 μg/mL α-hemolysin. Dark-colored lines represent the average fluorescence intensity of liposomes with zero (gray),
one (blue), or two (green) molecules of α-hemolysin nanopore, estimated from the histogram analysis presented in (g). Light-colored
shades show the standard deviations for each time point. (e) Concentration dependency of the fraction of reacted liposomes. Error bars
show the standard deviations. (f) Fluorescence images of the passive transport of α-hemolysin observed in the single-molecule condition
(0.1 μg/mL). The images were recorded immediately after the injection of α-hemolysin solution (0 s, top) and 2000 s later (middle). The
bottom image is the differential image showing fluorescence change (color bar) between 0 and 2000 s. Scale bar, 5 μm. (g) Histogram of
decay rate constants for passive transport. Decay rate constants were obtained from a single exponential fitting in (d). The width of bins is
10−4 s, and the solid lines are the Gaussian fitting. The passive transport activities of single molecules of α-hemolysin pore are 4.0 × 10−4, 5.0
× 10−4, and 4.0 × 10−4 s−1 at 0.1, 1, and 10 μg/mL, respectively.
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fluorescence upon acidification.49 Unlike the digital assay with
arrayed lipid bilayer chamber (ALBiC) device, nonspecific
binding of pH probe dyes was not observed (Figure 5b),
showing the superiority of these liposomes. When FoF1 was
reconstituted at 100 nM, some liposomes showed a distinct
increment of fluorescence signals, while others showed no
obvious change in the signal (Figure 5b), suggesting stochastic
reconstitution of the FoF1 molecule at the single-molecule
level. The representative time-courses of fluorescence signals
from positive liposomes (Figure 5c) show simple saturating
curves of fluorescence signal. Active liposomes reached a
plateau of fluorescence intensity at approximately 180,
corresponding to pH 6.5. To confirm that their signal
represents the proton pumping of FoF1, nigericin, an H+

ionophore, was injected into the buffer to diminish the pmf.
All active liposomes recovered the original fluorescence signal
upon nigericin injection, confirming that the fluorescence
increment represents active H+ pumping.
The histogram of H+-transporting activity that was

determined from the initial rate in the time-courses exhibited
distinct peaks (Figure 5d). The intervals between the peaks
were almost constant, irrespective of the concentrations of
FoF1 for reconstitution. These indicate that each peak
represents the activity of 0, 1, or 2 molecules of FoF1. In
addition, the observed λ, the mean number of FoF1 molecules
per liposome, was well proportional to the amount of FoF1
injected for reconstitution (Figure 5e). Thus, the four criteria
were satisfied and were in line with the results of the single-
molecule transport assay for α-hemolysin, confirming that the
second leftmost peak at nearly 20 H+/s corresponds to the H+-
transporting activity of single-molecule FoF1. The rate of H+-
transport decreased with time, reaching a plateau level. This is
reasonable because upon H+-transport, the pmf is gradually
formed, resulting in the suppression of the H+-transport

activity of FoF1. The plateau level for the single FoF1 molecule
corresponds to pH 6.5; the resultant ΔpH (= pHout − pHin) is
0.5. At the same time, membrane voltage should be formed.
Considering the buffering capacity of the inner core of
liposomes, the number of transported protons is estimated to
be nearly 30000 protons, which should generate a diffusion
potential across the membrane at approximately 50 mV. In
total, the generated pmf is estimated to be ca. 80 mV, which is
sufficient to largely suppress the H+-transporting activity of
FoF1, although 80 mV is still below the thermodynamic
equilibrium potential (around 200 mV).50

Digital Gene Expression. Finally, to demonstrate the
versatility and biocompatibility of the uniform femto-liposomes
for more complex biochemical reactions, we tested the
feasibility of digital gene expression in uniform femto-
liposomes by introducing the cell-free gene expression (in
vitro translation and transcription, IVTT) system reconstituted
from purified components (PURE system). First, we tested
several types of lipids for flow cell lipid (FCL) that defines the
lipid composition of the inner leaflet of bilayer. This is because
the lipid composition can affect IVTT activity and protein
activity.51 Liposomes prepared with DOPC in FCL did not
show detectable IVTT activity in consistent with the previous
report.51 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) was not suitable for ETM process. The liposomes
prepared from the mixture of 5 mg/mL of DOPC and 5 mg/
mL of DOPE in FCL was found to ensure IVTT activity under
the present conditions. The PURE system and plasmid DNA
encoding β-galactosidase (β-gal) were encapsulated in the
DOPC/DOPE liposomes. To compensate for the possible
leakage of small chemicals from liposomes, the external
medium contained molecules with low molecular weights for
the PURE system, such as amino acids and nucleotides (for
details, see the Methods).52 The gene expression of β-gal was

Figure 5. Single-molecule analysis of proton pumping by FoF1-ATPase. (a) Schematic image of proton pumping of FoF1-ATPase. To monitor
in-liposome acidification upon proton pumping, 2 μm liposomes were prepared that contained a fluorescent pH indicator (20 μM RhP-M) in
a low capacity buffer (0.1 mM HEPES pH 7.0). Detailed information on chemical composition is provided in Table S1. The FoF1-
reconstituted liposomes were biotinylated and immobilized on the glass surface by biotin/streptavidin interaction as same as in the α-
hemolysin experiment. (b) Fluorescence images of FoF1-reconstituted (100 nM) liposomes recorded with zero (i), one (ii), or two (iii)
molecules of FoF1, estimated from the histogram analysis presented in (d). The right images are differential images showing pH change
(color bar) between each image at 0 and 4000 s after injection of ATP. Scale bar, 1 μm. (c) Time-course of proton pumping. Deep-colored
lines represent average fluorescence intensity of FoF1-reconstituted (100 nM) liposomes with zero (gray), one (blue), or two (green)
molecules of FoF1, estimated from the histogram analysis presented in (d). Each time-course was obtained from more than 10 liposomes.
The shades show the standard deviations. ATP was injected at 600 s. (d) Histogram of the proton pumping rate. The initial rate of proton
pumping was determined from the initial 500 s by linear fitting. The bin size is 1 s−1. The blue lines represent the Gaussian fittings. The
proton pumping activities of single FoF1-ATPase are 18.6 and 19.1 s−1 at 50 and 100 nM FoF1 condition, respectively. The data in histograms
were obtained from three independent preparations. (e) Concentration dependency of the fraction of reacted liposomes.
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detected with a fluorogenic assay where β-gal enzymes cleave
the fluorogenic substrate 5-chloromethylfluorescein di-β-D-
galactopyranoside (CMFDG) to produce fluorescent 5-
chloromethylfluorescein (CMF) (Figure 6a). After an
incubation period of over 3 h at room temperature, the
fluorescence signal appeared in DNA (+) liposomes showing
the active gene expression of β-gal enzymes, whereas DNA (−)
liposomes did not show fluorescence signals (Figure 6b).
Figure 6c shows the distribution of fluorescence intensity after
incubation for 12−15 h. As seen in the above-mentioned
single-molecule digital assays, the fluorescence signal of
liposomes expressing β-gal was also quantized. The four
features of the single-molecule digital bioassay were again
observed in the cell-free gene expression: signal quantization,
constant intervals between peaks, concentration-independent
activity for each peak, and concentration-dependent popula-
tion of active reactors. Thus, digital gene expression in uniform
femto-liposomes was confirmed. It should be noted that the
observed λ (the mean number of DNA molecules per
liposome) was always 10 times lower than the value expected
from the initially introduced DNA concentration (Figure 6d).
The exact reason is unknown, but it is attributable to the loss
of DNA molecules prior to encapsulation in liposomes by
nonspecific absorption of DNA on the surface of the test tube
or FRAD device. This remains to be resolved.

CONCLUSION

We established a simple method for the preparation of
monodisperse and bacterial cell-sized liposomes, termed
uniform femto-liposomes, with the aim to establish digital
bioassays for membrane proteins and complex biosystems.
This was achieved by combining FRAD and the optimized

emulsion transfer method. The developed protocol has several
key features for the reproducible production of uniform femto-
liposomes. First, we established the protocol for femto-droplet
generation, in which >1000000 homogeneous droplets
displayed on the FRAD are released into the oil medium
simultaneously. The wettability of the PEG-modified reactor
surface enables the highly efficient droplet preparation,45 while
FRAD without PEG modification shows low efficiency. The
second key improvement is the optimization of the emulsion
transfer method (ETM) for efficient production of micron-
sized liposomes, which is difficult in conventional ETM. The
addition of surfactant into the aqueous phase decreases the
surface tension at the oil−water interface, facilitating the
production of femto-liposomes. Accordingly, the choice of the
lipid molecules and the concentration of sucrose and glucose
were also important for optimization of the protocol.
Consequently, these improvements allowed the production
of uniform femto-liposomes, from 0.6 to 5.3 μm, with high
monodispersity (coefficient of variation: 5−15%). Since the
droplets were rarely fused or divided during the preparation, it
was confirmed that the size of droplets and liposomes is
defined by the volume of the microreactor. This protocol took
approximately 1 h for all processes. Approximately 180000
liposomes were produced from a single microdevice, that is,
the throughput for liposome production is 180000 liposomes/
h (∼50 liposomes/s). This throughput is equivalent to the
ones using microfluidics (tens of hertz).38 The use of a greater
number of droplets by parallel processing with multiple devices
or repeated production of droplets would increase the total
production of uniform femto-liposomes by a factor of 5−10.
We should also note some restrictions and technical

challenges of this method. From the principle of ETM, the
inside solution of femto-liposome has to contain sucrose at

Figure 6. Cell-free gene expression in liposomes. (a) Schematic image of cell-free gene expression of β-gal. IVTT systems, DNA encoding β-
gal, and fluorogenic substrate (CMFDG) were encapsulated in the liposomes prepared with 5 mg/mL of DOPC and 5 mg/mL of DOPE as
the inner leaflet lipid composition to ensure IVTT activity. Detailed information on chemical composition is provided in Table S1. β-Gal
expressed using the IVTT system cleaved the fluorogenic substrate, resulting in the increase of fluorescence intensity of the product (CMF).
(b) Fluorescence image of expression/catalysis of β-gals in the presence (upper)/absence (bottom) of DNA. The images were recorded at t =
3 h (left), 4.5 h (middle), 6 h (right). The liposome was visualized by the encapsulation of Alexa Fluor 647 (red). The fluorescence of CMF
was shown by cyan. Scale bar, 2 μm. (c) Histogram of fluorescence intensity of CMF. The bin is 50 au, and the solid lines represent the
Gaussian fitting. DNA solution was encapsulated in liposomes at 0, 45, 225, and 450 nM that corresponds to the mean number of DNA
molecules per liposome (λ) of 0, 0.1, 0.5, and 1, respectively. (d) Correlation between the fraction of reacted liposomes and the number of
encapsulated DNA. Error bars show the standard deviations.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c04354
ACS Nano 2020, 14, 11700−11711

11706

https://pubs.acs.org/doi/10.1021/acsnano.0c04354?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04354?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04354?fig=fig6&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c04354/suppl_file/nn0c04354_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04354?fig=fig6&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c04354?ref=pdf


hundreds mM level or other additives to gain higher density.
Some protein or macromolecule-crowded solutions might not
be suitable as the in-liposome solution, considering that
nondiluted in vitro translation and translation (IVTT) solution
stuck to FRAD device and was not released from the device
unless diluted to 70%. Within restrictions, various types of
biologically relevant solutions would be available for this
method. In addition, this method has clear preference for lipid
composition (Figure S4). Another restriction of this protocol is
the requirement of surfactant to reduce surface tension at the
oil−water interface for efficient ETM. Among the surfactants
tested, Pluronic F-68 is the best to produce uniform femto-
liposomes. Although decyl maltoside was also found to be
suitable for ETM, it also caused lipid aggregates, hampering
reconstitution and the subsequent assay of membrane proteins.
A remaining technical challenge is the heterogeneous quality

of the liposomes found in the α-hemolysin assay: 15% of the
liposomes did not show the passive transporting activity in the
presence of excess amounts of α-hemolysin. This suggests that
a fraction of uniform femto-liposomes is not available to
support the functionality of membrane proteins. One possible
explanation is the presence of multilamellar liposomes.
According to previous reports on ETM, however, more than
95% of the ETM-produced liposomes have a unilamellar
membrane.46,47 Another possibility is that the remnant oil,
which thickens the lipid bilayer more than biological
membranes, hampers the functionality of membrane proteins.
This is a common drawback of ETMs and other liposome
preparation methods that use nonvolatile oils. Oil-free
methods for uniform liposome preparation are warranted to
circumvent this problem.
The uniform femto-liposomes enabled the quantitative

digital bioassays for membrane proteins. The monodispersity
of liposomes is one of the critical factors for the quantitative
analysis of transporting activity. Most measurements of
transporting activity use fluorescent indicator dyes encapsu-
lated in liposomes. Assays performed on polydisperse lip-
osomes principally display heterogeneous response of
indicators. The size of liposomes is also another critical factor.
When the size is too large, the signal changes of the indicator
dyes should be correspondingly slow for the detection.
Meanwhile, when the size of the liposomes is too small, the
signal changes should be too fast and too small. Thus,
depending on the rate of transporting activity and the nature of
the indicator dyes, the size of liposomes must be adjusted to a
right size. To show the feasibility of our liposomes, we
demonstrated digital bioassays of transporter assays: passive
transport measurements of single molecules of α-hemolysin
nanopore and active transport measurements of FoF1 ATP
synthase. We determined the transporting activities as 10
turnover/s for α-hemolysin nanopore and 20 turnover/s for
ATP synthase, which are consistent with previous data.28

We also demonstrated digital gene expression by encapsulat-
ing in vitro a transcription−translation mixture with single
DNA molecules. The micron-sized uniform femto-liposomes
would be suitable for future cell-free synthetic biology studies.
This is because surface area-to-volume ratio of the femto-
liposome coincide well with that of natural bacterial cells, 3−8
μm−1.53 In addition, it was reported that a protocell model
liposome with an RNA replicator system showed the maximum
RNA replication activity within micron-sized liposomes.54 The
uniform femto-liposome would enable quantitative analysis of
designed gene circuits with a single set of DNA molecules that

would uncover fundamental stochastic features masked in
ensemble averaging.
Thus, the present study demonstrates that the uniform

femto-liposomes are versatile for many applications, from
single-molecule analysis of membrane proteins to cell-free
synthetic biology studies. A remaining challenge is to
implement the functionality for active morphological changes
of liposomes, such as active fusion, fission, tubing, and division.
This potential differentiates liposomes from other femto
reactors embedded in microsystems or microdevices. In
preliminary experiments, we observed morphological changes
of uniform femto-liposomes upon osmotic pressure change
(Figure S6). The reconstitution of membrane-associating
proteins55,56 or enzymes that synthesize lipid molecules57

would endow morphological dynamics to uniform femto-
liposomes.

MATERIALS AND METHODS
Preparation of the PEG-Coated Device. A femtoliter reactor

array device (FRAD) was prepared as described previously13,28 with
the following modifications. Hydrophobic carbon−fluorine (CYTOP;
AGC, Tokyo, Japan) polymer was spin-coated at 2000 or 4000 rpm
for 30 s on a SiO2 glass coverslip (32 × 24 mm2, custom-ordered;
Matsunami, Osaka, Japan) and baked at 90 °C for 10 min and then at
180 °C for 1 h to evaporate the solvent. A positive photoresist
(AZP4903; AZ Electronic Materials, Japan) was spin-coated on the
CYTOP layer at 7500 rpm for 30 s and then exposed to UV for 8 s for
patterning the mask structure. For the preparation of chambers of
different sizes, we used CYTOP at 1−9% (w/v) to change the depth
of the reactors (Table S2). To expose the hydrophilic SiO2 glass
surface, the resist-patterned substrate was etched with O2 plasma for 7
min. The pegylation of the bottom glass surface of the reactors was
carried out as described in a previous study58 with the following
modifications. First, SH-silane was coated on an exposed SiO2 glass
surface and CYTOP surface inside the chambers by immersing the
device in a silane solution (1% (v/v) SH-silane (KBM-803; Shinetsu,
Japan), 0.1% (v/v) acetic acid in Milli-Q (Millipore) at 90 °C for 2 h.
Next, the silane-coated substrate was baked at 110 °C for 10 min.
Then the substrate was immersed into 0.1 M K-Pi (pH = 7.5) with 20
mg/mL mal-PEG2000 (ME-020MA; NOF, Japan) for 2 h at room
temperature. The remaining photoresist was removed using acetone
and rinsed with 2-propanol. Finally, the substrate was washed with
Milli-Q water and dried under nitrogen flow. We were able to
efficiently fabricate hydrophobic through-hole structures on a
hydrophilic SiO2 glass coverslip, with a fabrication success rate of
∼100%. The depth and height of the fabricated chambers were
measured by 3D laser scanning confocal microscopy (VK-X210;
KEYENCE, Japan) (Table S2).

Medium Composition for Droplet Preparation and Lip-
osome Formation. The preparation of uniform femto-liposome is
principally composed of two steps: preparation of uniform droplet and
emulsion transfer for liposome formation. Each step uses an aqueous
buffer medium and a lipid-in-oil medium. The buffer medium and the
lipid medium in preparation of uniform droplet define the inner-
liposome medium and the lipid composition of inner leaflet of
liposome bilayer, respectively. These mediums are termed f low cell
buf fer (FCB) and f low cell lipid (FCL), considering that the droplets
were prepared in a flow cell. The buffer solution and the lipid solution
in preparation of uniform droplet by the use of emulsion transfer
method define the external-liposome medium and the lipid
composition of outer leaflet of liposome bilayer, respectively. Those
are termed emulsion transfer buf fer (ETB) and emulsion transfer lipid
(ETL). The solution and lipid compositions are slightly/largely
modified in each experiment. For clarification, the total list of solution
and lipid compositions are provided in Table S1. The below is the
basal protocols for droplet formation and liposome formation.

Preparation of Uniform Droplet. The flow cell was constructed
by assembling a fabricated device, a 0.2 mm-thick spacer sheet (SLF-
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0601; Bio-Rad, Japan), and a CYTOP-coated glass block with an
access port for solution injection. The flow cell was filled with flow-
cell buffer (FCB). The basal composition of FCB is 1 mM potassium
phosphate, 100 mM KCl, 500 mM sucrose. For fluorescence imaging,
10 μM Alexa Fluor 488 or Alexa Fluor 647 (A10254 or A20347;
Thermo Fisher Scientific, USA) was added in FCB (Table S1). Then,
FCB in a flow cell was flushed out by flow cell lipid (FCL). The basal
FCL composition is 10 mg/mL DOPC (MC-8181; NOF, Japan)
dissolved in a mixture of chloroform and mineral oil (2:8 (v/v)). After
spontaneous formation of droplets on the FRAD reactors, the device
was tapped gently to release the droplets from the reactors. The
processes of droplet formation and release were recorded in
Supplementary Movies 1 and 2. The released droplets in FCL were
collected by pipetting.
Emulsion Transfer for Liposome Formation. Liposomes were

prepared using emulsion transfer method,47,59 with modifications. The
basal emulsion transfer lipid (ETL) solution (2 mg/mL DOPG and
0.1 mg/mL cholesterol) was prepared as follows: 20 μL of 100 mg/
mL DOPG (MG-8181LS; NOF) and 1 μL of 100 mg/mL cholesterol
(034-03002; Wako, Japan), each predissolved in chloroform, were
mixed into 980 μL of mineral oil (M-5904; Sigma-Aldrich, Japan).
Chloroform in the lipid mixture was then evaporated in the
incubation at 80 °C for 20 min with a dry block bath. When
indicated, a fluorescent lipid (β-BODIPY 500/510 C12−HPC DHCP,
D3793; Thermo Fisher Scientific, USA) and/or a biotinylated lipid
(B1616; Thermo Fisher Scientific, USA) dissolved in chloroform was
spiked into ETL before chloroform evaporation at the final
concentration of 10 μg/mL and 0.006 mg/mL, respectively. ETL
(400 μL) was mixed with 20 μL of droplets in FCL and then layered
on 400 μL of emulsion transfer buffer (ETB) in a 1.5 mL test tube.
ETB is composed of basal ETB (1 mM potassium phosphate, 100
mM KCl, and 500 mM glucose; pH adjusted to 7.5) and 5% (w/v)
Pluoronic-F68 (24040032; Thermo Fisher Scientific). After the
layered ETL and ETB in a test tube were left to stand for 20 min
at 25 °C, the test tube was centrifuged at 21900g for 30 min at 25 °C
for emulsion transfer. After centrifugation, ETL and supernatant of
ETB were gently removed by pipetting. The precipitated liposomes
were suspended in 400 μL of ETB and collected. For lipid aggregate
removal, the liposome suspension was recentrifuged at 21900g for 10
min at 25 °C, and the supernatant was gently removed. Finally, we
obtained 40 μL of liposome dispersion.
Microscopy. Epi-fluorescence images of liposomes were taken

with an inverted microscope Ti-E (Nikon, Japan) equipped with
100× and 60× objective lenses, a digital CMOS camera (ORCA-
flash4.0; Hamamatsu Photonics, Japan), and an LED light source
(Sola, Lumencor, USA) to provide illumination with filter sets (from
Semrock, USA or Nikon, Japan): (i) excitation (Ex): 480/40 nm,
dichroic: 505 nm, emission (Em): 535/50 nm for Alexa Fluor 488
and CMF; (ii) Ex: 554/23 nm, dichroic: 573 nm; Em: 609/54 nm for
RhP-M; and (iii) Ex: 630/38 nm, dichroic: 655 nm, Em: 694/44 nm
for Alexa Fluor 647. The microscope system was controlled by NIS
elements (Nikon, Japan).
Image Analysis for Size Determination. A flow cell was

assembled by placing two double-sided tapes (thickness: ∼0.1 mm)
onto a coverslip (36 × 24 mm2) with another coverslip (20 × 20
mm2, Matsunami, Japan) on top. Immediately before use, liposome
suspension was gently pipetted to obtain a homogeneous dispersion
and then infused into the flow cell that was sealed with nail polish.
Liposomes were settled down on the bottom coverslip owing to the
higher specific density gravity of inner medium of liposomes and were
observed for size analysis. We set the threshold at 40% of the peak
intensity of encapsulated dye and defined the edge-to-edge distance of
the fluorescence image as the diameter of the liposomes (Figure S7).
The size of the droplets was determined in the same manner.
Passive Transport Analysis. Liposomes for the passive transport

analysis of α-hemolysin were prepared by spiking, into the basal ETL,
a biotinylated lipid at a final concentration of 0.006 mg/mL for stable
immobilization on the bottom of a flow cell chamber. As a fluorescent
substrate for transport activity of α-hemolysin, 10 μM Alexa Fluor 488
was added in FCB. The flow cell chamber was prepared by assembling

a glass coverslip (thickness: 120−170 μm, Matsunami, Japan), a
spacer sheet, and CYTOP-coated glass block with an access port for
the injection of medium. A solution of 1 mg/mL streptavidin (PRO-
791; ProSpec, Israel) in 1 mM potassium phosphate and 100 mM KCl
(pH adjusted to 7.5) was introduced in a flow cell chamber and
incubated for 20 min at room temperature for nonspecific streptavidin
coating of the flow cell chamber. The unbound streptavidin was
removed by flushing the flow chamber with the basal ETB. Liposomes
with biotinylated lipids were introduced into the flow cell chamber.
After incubation for 2 h, unbound liposomes were washed out with
the basal ETB. Passive transport measurements were initiated by the
injection of α-hemolysin (HP101; Toxin Technology, USA) at 0.1−
100 μg/mL into the flow cell chamber. Fluorescence images were
acquired at 40 s intervals. The analysis of passive transport was
performed as described previously.28,44 The detailed information on
the mediums was provided in Table S1.

Preparation of FoF1. A mutated FoF1 from Bacillus PS3, herein
referred to as FoF1 for simplicity, which has a 10-histidine tag at the N
terminus of the β subunit and lacks the C terminal of the ε subunit,
was used in this study.60 FoF1 was expressed and purified as described
previously61 with the following modifications. FoF1 was solubilized in
a solution (10 mM HEPES, 5 mM MgCl2, 10% (v/v) glycerol, with
the pH adjusted to 7.5 with KOH) containing 0.5% (w/v) LMNG
(NG310; Anatrace, USA). Ni-sepharose resin was pre-equilibrated
with the M buffer (20 mM K-Pi and 100 mM KCl, pH 7.5) containing
0.005% LMNG. After the binding of FoF1 to the resin, the resin was
washed with M buffer containing 20 mM imidazole and 0.005%
LMNG. FoF1 was eluted with M buffer containing 200 mM imidazole
and 0.005% LMNG.

Analysis of Proton Pumping by FoF1. Liposomes with
biotinylated lipids were prepared by spiking, into the basal ETL, a
biotinylated lipid at the final concentration of 0.006 mg/mL. For the
measurement of proton pumping activity by single-molecule of FoF1,
we prepared the FCB medium with a low buffering capacity of 0.1
mM HEPES (Supporting Table S1), into which 20 μM RhP-M was
added as the fluorescent pH indicator.49 For the reconstitution of
FoF1 into the liposomal membrane, FoF1 was added, at the indicated
concentration, to the ETB medium for the FoF1 measurement
(Supporting Table S1). The ETB medium with reconstituted
liposomes was introduced into a flow cell chamber prepared as
same as in the α-hemolysin experiment. After 2 h incubation, the
unbound liposomes and FoF1’s were washed out with the ETB
medium. Proton pumping of FoF1 was initiated by the injection of
ATP at 200 μM in the ETB medium. Fluorescence images were
acquired at 50 s intervals. The rate of proton pumping activity was
determined as described previously28 with slight modifications as
described in the Supporting Information.

Plasmid Preparation for Cell-Free Gene Expression. Cell-free
gene expression of β-galactosidase was carried out using a
reconstituted in vitro transcription-translation system (IVTT).62 A
DNA plasmid encoding β-galactosidase was prepared by ligation into
the BamHI and HindIII site in the vector using the pRSET vector
(V35120; Thermo Fisher Scientific, USA). The constructed plasmid
was transferred into E. coli JM109-competent cells (9052; Takara,
Japan), which were cultured for amplification. The amplified DNA
plasmid was purified using the NucleoSpin Plasmid QuickPure kit
(740615; Takara, Japan). The concentration of the DNA plasmid was
determined by measuring the absorbance at 260 nm.

Gene Expression in Liposome. The liposomes for in vitro
transcription and translation (IVTT) were prepared along the
protocol above-mentioned with several modifications. FCL medium
contained 5 mg/mL DOPC and 5 mg/mL DOPE, and ETL medium
contained a biotinylated lipid at the final concentration of 0.006 mg/
mL. For encapsulation of IVTT components, FCB medium contained
70% diluted IVTT solution (PURExpress; NEB, USA) with plasmid
DNA at the indicated concentration. ETB medium was largely
different from the others; ETB contained small chemicals (amino
acids, reducing reagents, and so on) in IVTT components (Table S1.
This is to supply these chemicals that might leak from liposomes. The
complete list of chemicals used in mediums was provided in Table S1.
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Before the droplet preparation, flow cell chambers were treated with a
blocking solution (1 mM potassium phosphate, 100 mM KCl, 0.01%
LMNG) in order to avoid nonspecific absorption of IVTT
components to the inner surface of a flow cell chamber. The
protocols for droplet formation, emulsion transfer for liposome
formation, and liposome immobilization were as same as in the α-
hemolysin and FoF1 measurements. Liposomes were incubated for
12−15 h in flow cell chambers before the recording of fluorescent
image.
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