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A B S T R A C T

We present a passive microfluidic system for easy and rapid generation of Droplet Interface Bilayer pairs, each
formed with two aqueous nanoliter droplets comprising controlled chemical composition. The system allows for
rapid screening to quantify leakage of small molecules through artificial phospholipid bilayers. The droplets are
generated, diluted and stored in-situ on the microfluidic chip. Our device comprises microfluidic Meter&Store
(M&S) modules – hydrodynamic traps, which enable hard-wired operations on small – ca. 9 nL in volume –
aqueous droplets including splitting, merging and derailing the droplets to side storage wells. Consequently, the
droplets are locked and positioned next to each other and form bilayers at the point of contact between the
nanoliter aqueous compartments. Additionally, a set of trap modules provides the possibility for in situ pre-
paration of dilutions of a sample. We demonstrated the basic capacity of the trap-based system for formation of
an array of 12 (controllably different) lipid bilayers in less than 5min. Thanks to the small volumes of the
droplets, the system is capable for monitoring the transport across the artificial membrane within a relatively
short interval – opening the possibility to use dyes and alleviating the difficulty of parallel electrophysiological
measurements. We use this functionality to prepare on-chip dilutions of small molecules and determine their
permeation rates through the bilayer. Finally, we used the M&S system and calcium sensitive dyes to quantify the
ion flux through the model α-hemolysin (αHL) nanopores.

1. Introduction

We report a droplet microfluidic system for the rapid, parallel and
facile formation of arrays of model lipid bilayers. The method is based
on the technology of hydrodynamic traps –microfluidic geometries that
allow for passive procedures on aqueous plugs dispersed in oil phase –
that we here demonstrate operational for droplets of volumes as small
as 9 nL.

Numerous studies focus on phenomena occurring at the artificial
lipid bilayers [1–4]. Systems allowing for facile and quick formation of
stable biomimetic bilayers are in high demand. In recent years a
number of microsystems were proposed for the generation of artificial
membranes. One of the approaches is based on the self-organization of
phospholipid molecules into a monolayer at the interface of aqueous
droplets submerged in oil. The operation of bringing together two
droplets results in formation of a lipid bilayer at the interface between
them [5–7]. The control over the content and position of an individual
droplet and the ability to generate multiple such droplets are the main

motivation for the use of Droplet Interface Bilayers (DIBs). In this paper,
we present an easy to operate tool that allows to exploit the benefits of
the DIBs - a microfluidic system for efficient formation of arrays of lipid
membranes, with a gradation of concentration of the active compounds
in compartments separated by the membranes.

One of the simplest and the most efficient methods to study the
transport processes in the lipid membrane is the measurement of the
changes in concentration of a given compound in compartments sepa-
rated by the bilayer. Determination of the rate of passive permeation
through the artificial bilayer is one of the methods in the assessment of
transcellular transport of a given chemical compound. Microfluidics
provides the possibility to repeatedly form nanometer-thick stable bi-
layers, and to monitor the interior of the aqueous microcompartments.
However, there are just a few examples of microfluidic systems based
on fluorescence read-out designed for measurements of passive per-
meation of small molecules through the lipid bilayer [8–13].

Another reason for formation of biomimetic artificial lipid bilayers
is studying of the communication between cells and environment which
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is a complicated process, facilitated by membrane proteins’ machinery.
So far, there are a few demonstrations, in which activity of membrane
proteins was investigated via fluorescence measurement in microfluidic
systems. Ota et al. [14] presented a PDMS device with an array of
microchambers – recesses of walls in parallel channels – for measure-
ments of flux of calcein dye through α-hemolysin nanopores. By alter-
nately flushing the channels with aqueous sample and with an im-
miscible organic solvent containing the phospholipid, bilayers were
formed between the microchambers and the main channels. Monitoring
of diffusion of calcium ions through α-hemolysin nanopores was de-
monstrated as a proof-of-concept experiment by Castell et al. [15] who
presented a method of deposition of an aqueous droplet on the surface
of planar hydrogel for formation of an array of bilayers. Fluo-8 dye was
used to detect the transport of Ca2+ cations. Additionally, authors
measured the inhibition of ionic flux through αHL by gamma-cyclo-
dextrin. Tonooka et al [16]. constructed a device, in which an array of
hemispherical picoliter droplets is brought into contact with one larger
droplet. Silicon wafers containing thousands of cavities were used to
generate membranes either from spread Giant Unilamellar Vesicles
[17,18] or from lipid solutions in organic phase [19,20]. Recently a
non-complicated, passive system for generation of networks of droplets
interconnected with lipid bilayers was proposed previously [21]. Al-
though the device explores standard microfluidic techniques (soft li-
thography) for fabrication of trapping structures, the contact area be-
tween the droplets varied (possibly due to the swelling of PDMS)
preventing a quantitative analysis of transport between the compart-
ments. In addition, the capability of preparing dilutions on chip was not
met.

So far the proposed systems were limited by the high degree of
complexity in terms of the fabrication and equipment needed for the
operation of the device e.g. piezo actuated nano-injection systems for
dispensing of nanolitre droplets. The challenge lies in the construction
of simple-to-operate system that could be operated in a conventional
biochemistry laboratory, without specialized infrastructure and without
any expertise in microfluidics at hand [22]. A perfect system should
allow for efficient formation of lipid bilayers and for examination of
various concentrations of a tested compound in parallel.

Here we demonstrate such a method – a microfluidic device that
allows for rapid, facile and parallel generation of up to 12 lipid bilayers
with all the liquid samples simply delivered from a syringe pump. The
processing of a sample on a chip – diluting, partitioning into droplets
and formation of pairs of droplets – is hard-wired in the hydrodynamic
traps for passive handling of fluids. We demonstrate the efficient for-
mation of lipid bilayers at the interface of droplets and monitor the
passive permeation of fluorescent dye from the donor to the acceptor
droplet. We also show the quantification of transport rate of calcium
ions through α-hemolysin nanopores as a function of concentration of
the channel-protein.

2. Experimental

2.1. Materials

For the continues phase, DPhPC (Avanti Polar Lipids, USA) was
dissolved in 90% v/v hexadecane (Alfa Aesar, Germany), 10% v/v
AR20 silicone oil (Sigma Aldrich, Germany) at 0.5 mg/mL and DOPC
(Avanti Polar Lipids, USA) was dissolved in 92.5% v/v hexadecane,
7.5% v/v AR20 at 2.5mg/mL. For permeation experiments, the aqu-
eous phase comprised of 150mM KCl (Chempur, Poland), 10mM
HEPES (Sigma-Aldrich, Germany) for empty droplets and 100 μM
fluorescein isothiocyanate (FITC, Sigma Aldrich, Germany), 150mM
KCl, 10mM HEPES for fluorescent droplets. In the experiments of cal-
cium ions transport through hemolysin pores, we used solution of
100mM CaCl2 (Chempur, Poland), 10mM HEPES and solution of
600 nM α-hemolysin (Sigma-Aldrich, Germany), 10 μM Fluo-8H (AAT
Bioquest, USA), 10mM HEPES, 0.34mM EDTA (Sigma-Aldrich,

Germany). In the experiment of testing of preparations of dilutions, we
used 20 μM Rhodamine 110 chloride (Sigma-Aldrich, Germany) diluted
in 150mM KCl, 10mM HEPES.

2.2. Preparation and operation of microfluidic devices

Microfluidic devices were prepared by micro milling of 5-mm- and
2-mm-thick polycarbonate plates (Makrolon, Covestro, Germany) and
bonding them in a hydraulic press at a temperature of 130 °C for
30min. In the SI we have included some advices for successful and
precise fabrication of polycarbonate chips via micromilling. The surface
of the channels was modified with Aquapel (PPG Industries, USA) in the
experiments involving the use of α-hemolysin, by flushing the channels
twice in 30min time period, and subsequent overnight incubation in
75 °C in order to completely evaporate modification agent. This step
was critical, as in the course of experiments we noticed that residues of
Aquapel might influence the activity of Fluo-8 dye. The continues phase
comprising the mixture of hexadecane and silicone oil AR20 supple-
mented with lipids, as well as aqueous samples, were supplied to the
chip from gastight glass syringes (series 1700 RN, Hamilton, USA)
connected to the chip through PTFE tubing. The flow of fluids was
controlled by set of Nemesys syringe pumps (Cetoni, Germany). The
outlet tubing was terminated with a PTFE miniature 2-way stopcocks
(Bola Bohlender, Germany).

2.3. Fluorescent microscopy and data analysis

Fluorescence images were taken with A1-R Eclipse Ti confocal mi-
croscope (Nikon, Japan) with using an objective 10×. We used ex-
citations/emission wavelengths of 488/500–550 nm to record fluores-
cence signal from FITC and Fluo-8H dyes. The images from experiments
were analyzed in NIS-Elements AR software (Nikon, Japan).

3. Results and discussion

3.1. Results

3.1.1. Operation of a single M&S module
The most important functional module of the system is the Meter&

Store unit [23]. For the purpose of measurements of molecular trans-
port through lipid bilayers, we scaled down the dimensions of the M&S
module to operate on droplets with volume of less than 10 nL – ca. 50
times smaller than in the system presented earlier by Derzsi et al. [23].
A single module consists of a metering trap and adjacent storage well
(Fig. 1a).

The metering trap comprises a step – barrier that perpendicularly
obstructs the channel and a set of bypasses – a widening of the channel
milled to 33% of its normal depth. When an aqueous plug longer than
the trap encounters the barrier the rear of the droplet blocks the en-
trance for the continuous phase to the bypasses. As a result, the droplet
is being pushed through the barrier until the rear of the droplet aligns
with the entrance to the bypasses and the oil starts to flow around the
droplet. Then, the droplet is split at the barrier into two portions – one
part of a well-defined volume locked in the trap and the remaining part
being pushed further into the main channel. When the flow of con-
tinuous phase is stopped, the droplet locked in the metering trap begins
to spontaneously flow back to the storage well. This spontaneous
movement of the droplet is achieved passively with capillary forces that
pull the droplet out of the converging metering trap.

3.1.2. Geometry of the microfluidic chip
The whole device consists of microfluidic T-junctions for dosing of

aqueous samples and a set of 9 or 12 Meter&Store modules (Fig. 1b and
c). For the experiments that did not require dilutions of sample, we
rather use a simplified design of the device consisting of 9 traps, than
the more elaborated one, dedicated for preparing gradients of
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chemicals. An additional metering trap and storage well is added for
precise dosing of a sample in the dilution module. The width and depth
of the channels is 160 μm, except for dimensions of selected details (e.g.
barrier and bypasses) in trap modules. The capacity of the whole 12-
traps device is approximately 10 μl, and small dimensions of channels
significantly reduce the total volume (to ca. 30 μl) of oil required for the
execution of the whole protocol on the chip. The sequence of operations
of trapping, merging, diluting, i.e. all steps required to prepare the set
of up to 12 pairs of droplets with a serial dilution of an agent in one of
the droplets in the pairs, requires the flow of oil at the rate between 0.1
and 0.3ml/h.

3.1.3. Formation of DIBs
We are able to form lipid bilayers at the interface of a pair of dro-

plets locked in the storage wells. In the first step, we fill the chip with
continuous phase. Then we deposit first type of aqueous sample, and
push it through the chip and aliquot into droplets of predefined (by the
geometry of the microfluidic modules) volumes (8.7 ± 0.5 nL) in the
successive traps. After the flow of oil is halted, the droplets formed in
the metering traps are autonomously derailed to the adjacent storage
wells by the action of capillary forces. Then, the other type of aqueous
sample is introduced onto chip and flows through the set of metering
traps, and is being aliquoted into portions of liquid. These, again, after
stopping the flow of oil, spontaneously move into the storage wells. In
the storage wells the two droplets meet and touch each other (Fig. 1b).
As both of the droplets are covered with a monolayer of 1,2-diphyta-
noyl-sn-glycero-3-phosphocholine (DPhPC) or 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) lipids, they do not coalesce, but rather form
a lipid bilayer at their interface. The successful formation of a bilayer is
confirmed with the characteristic change in the reflection of light at the
interface of droplets. The removal of droplets from storage wells is
executed by applying the flow of oil at rate higher than 5ml/h.

3.1.4. Permeation of fluorescein through lipid bilayers
We determine the permeation coefficients for FITC molecules across

DOPC bilayers by analysis of changes of concentration over time. For
this purpose, we generate a collection of 9 pairs of droplets comprising

‘acceptor’ (150mM KCl, 10mM HEPES) and ‘donor’ (100 μM FITC,
150mM KCl, 10mM HEPES) compartments (Fig. 2a). We measured the
intensity of fluorescence of each droplet every 5min over a period of
2 h and plotted the changes in the concentration of fluorescein versus
time (Fig. 2b).

In the experiment, the concentration of fluorescein within each of
the droplet is homogeneous. The diffusion coefficient of fluorescein in
water is =

−D 0.49*10 m /s9 2 [24]. Therefore, any inhomogeneities in the
droplet of radius r= 128 μm are relaxed over a characteristic time

=t r D( )/2 which is 33 s. In order to determine the coefficient of diffu-
sion through membrane we assume that the rate of permeation of
fluorescein is proportional to the difference between concentration in
donor and acceptor, ≡ −c t c t c t( ) ( ) ( )d a . Thus, time-dependent evolu-
tion of the concentration is described by the following equation:

= −

dc t
dt

kc tV ( ) 2S ( ), (1)

where k is the permeability coefficient of the membrane, V=Va=Vb is
the volume of the donor and acceptor droplets and =S 10 250 μm2 is the
surface area of the membrane estimated from the image of the droplets
(see ESI for details). Solution of the above equation leads to exponential
decay of the difference in concentration with time, =

−c t( ) c e0
2Skt/V and,

equivalently, the logarithm of concentration difference c t clog ( )/ 0 is
proportional to time as follows:

− =

c t
c

tlog ( ) 2 Sk
V

.
0 (2)

Plot depicting the increase of logarithm of averaged difference of con-
centration over a time is shown in Fig. 2c. We fit Eq. (2) to the ex-
perimental data from Fig. 2c. We obtain the following permeability
coefficient k=5.39× 10−8 m/s.

3.1.5. Dilutions of protein sample on-chip
We also used the very same Meter&Store system to demonstrate that

it can be used for generation of dilutions of the sample. Prior to the
execution of experiments on protein samples we have evaluated the
performance of the dilutor using Rhodamine 110 dye. Fig. 3a shows the
pairs of droplets in which one droplet contains consecutively diluted

Fig. 1. Design and operation of microfluidic device for sequential generation of DIBs. a) Profilometry scans (recorded by Bruker ContourGT-K, USA) depicting the
architecture of the microfluidic trap. The trap consists of a part for metering of ˜9 nL droplets, a widening and deepening storage well and a slit for equalizing of the
flow of oil. b) Formation of DIBs in a single Meter&Store module: an aqueous sample is metered into portions (I) and after the flow of oil is halted (II) the droplet is
passively dragged to the bottom of the well (III–IV). Metering of a second type of aqueous sample is performed (V–VI), and the droplet is directed to the storage well
(VII) to contact the already stored droplet and form a lipid bilayer at their interface (VIII). Scale bars in a) and b) are 500 μm. c) Scheme of the device: “1” – metering
module dedicated for operations in dilution mode, “2” – inlets for aqueous samples, “3” – Meter&Store module with serpentine channel for mixing of droplets
content.
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dye. The assembly of droplets was prepared as follows:

i first the plug of 20 μM rhodamine is aspirated with a reverse flow of
oil from one of the inlets to the module 1 (Fig. 1c) for a precise
metering,

ii then the flow of oil is set to the dosing mode and in the same time
droplets of pure buffer are generated at one of the T-junctions,

iii next we generate the flow of oil which moves the droplets of a buffer
immediately followed by a droplet of undiluted rhodamine to the set
of Meter&Store traps,

iv the sample is diluted in the subsequent traps and, after switching off
the flow of oil, the droplets comprising dilution series are directed to
the storage wells,

v in the next step we generate a sequence of droplets of a buffer and
split them into 12 droplets that flow back to the wells where they
form bilayers at the interface with already stored droplets (see Figs.

S3–S6 and Supplementary videos for more details).

The experiment was repeated 7 times. We have determined the di-
lution ratio equal to 1.6 ± 0.2 between following traps based on the
comparison of the fluorescence intensity inside the droplets (Fig. 3b).
Further the intensity was calculated into the concentration of rhoda-
mine and plotted on the log scale (Fig. 3c).

We performed measurements of activity of αHL protein in bilayers
formed by DPhPC lipids (dissolved at 0.5 mg/ml in oil). αHL pores
penetrate lipid bilayers by forming water-filled channels in its structure.
The channels non-selectively and passively allow small molecules, in-
cluding calcium ions, through their pore. We monitored the increase of
fluorescence in droplets containing the calcium sensitive Fluo-8 dye.
We attribute the increase of fluorescence to the transport of calcium
ions through the αHL channels in bilayers. In the control experiment,
we did not observe any leakage of calcium ions when no αHL pores

Fig. 2. Permeation of fluorescein through lipid bilayers. a) Snapshots depicting
the pair of droplets before the measurement (left panel) and after 120min of
incubation (right panel). The donor droplet was 100 μM FITC, 150mM KCl,
10mM HEPES and the acceptor droplet was 150mM KCl, 10mM HEPES. Scale
bar is 100 μm. b) Variation of fluorescein concentrations measured within
droplets in time (n=9). c) The logarithm of the concentration difference be-
tween two droplets in pair is linear in time (data averaged over 9 pairs of
droplets).

Fig. 3. Dilutions on a chip. a) Rhodamine 110 (20 μM) was diluted in 12 sub-
sequent traps. The droplets were stored in wells and exposed to droplets of
buffer. b) The dilution ratio between the following trap modules calculated
from the intensity of fluorescence, n= 7. c) From the intensity of droplets, the
concentration of rhodamine was calculated, n= 7. The level of fluorescent
signal in the last three droplets (no. 10–12) was below the sensitivity of the
detector and could not be included in this plot.
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were present (Fig. S9). In the first step, we meter a portion of con-
centrated stock solution of protein (600 nM αHL, 150mM KCl, 10mM
HEPES, 250 μM Fluo-8H, 0.34mM EDTA) in a module 1 (Fig. 1c) and
prepare sequence of aqueous plugs with buffer (150mM KCl, 10mM
HEPES, 250 μM Fluo-8H, 0.34mM EDTA) at one of the T-junctions
(module 2, Fig. 1c). Module 1 consists of a metering trap and storage
well, that have larger volumes than the single Meter&Store unit (module
3, Fig. 1c). We flow the buffer (followed by the protein plug) through
the Meter&Store units. Buffer is metered into predefined volumes and,
as we do not stop the flow of oil, the droplets do not flow back into the
storage well. Instead, they are immediately merged with a following
droplet containing αHL. The plug, which is pushed out as a result of
merging of buffer with the concentrated protein, has a volume equal to
the initial volume of protein sample. Mixing of the content of droplet
takes part by convection in the winding channel, before the droplet
enters the following Meter&Store unit for further dilution. This way, we
prepare droplets with gradually decreasing concentration of nanopores,
and after we switch the flow of oil off, they are passively (i.e. by ca-
pillary forces) directed to the bottom of the side storage chambers.

Next, we generate a sequence of droplets containing calcium ions
(100mM CaCl2, 10 mM HEPES) at one of the T-junctions (module 2,
Fig. 1c). The plugs are metered in the 12 Meter&Store units and stored
in the wells after switching the flow of oil off. We measure the leakage
of calcium ions depending on the number of protein pores present in the
bilayer and plot it versus time (Fig. 4). The more nanopores are present
in the membrane, the faster is the increase of fluorescent signal coming
from the excitation of dye with the calcium molecules. At some point
the curve reaches a plateau meaning that the number of calcium ions
exceeds the number of available Fluo-8 molecules. The model used to
describe the diffusion of fluorescein molecules in Section 3.1.4. is
modified to calculate a permeability coefficient. Based on the obtained
curves and literature data on nanopore dimensions and diffusion of
calcium ions in a protein channel, we derive the permeability coeffi-
cients of membranes and the equation for the number of protein pores
at any time (see SI for the full description of the model and calcula-
tions). As an example, we estimate that for the concentration of 600 nM
of αHL, after 40min of measurement, 1.2× 104 pores are present in the
bilayer.

3.2. Discussion

We demonstrate a simple-to-use microfluidic device which opens
the possibility of generation of multiple lipid bilayers from very small
samples of the lipid and the protein. In recent years number of papers

reported systems dedicated for efficient formation of miniaturized bi-
layers, yet only a few of them represented a format that would be easy
to fabricate and operate. We fulfil these demands by utilizing micro-
fluidic modules for development of a device in which formation of bi-
layers will require neither a skilled operator nor sophisticated equip-
ment. Up to 12 bilayers are formed at the interface of droplets, which
are metered in special microfluidic modules from a random sequence of
liquid plugs. The volumes of droplets, and hence the area of the bilayers
formed between 2 droplets, are uniform. We did not observe mal-
formation of bilayers resulting from e.g. coalescence events. We con-
firm that formed membranes are functional lipid bilayers with experi-
ments showing the passive transport of small fluorescent molecules and
with insertion of protein molecules into the bilayer.

The number of droplet pairs and bilayers can be further increased by
parallelization of droplet microfluidic modules [25], realistically by the
factor of 8, resulting in the number of 96 droplet pairs, that could be
imaged with a motorized microscopes or automated imaging plate
readers. However, it would probably require the use of more precise
CNC micromilling machine, careful design and adjustment of channel
resistances in parallel dilution modules (e.g. by implementation of flow
resistors) and finally the need of smart sample deposition strategy e.g.
similar to 3D-printed lids sealing the inlet for the sample [26]. It is
worth to note that the down-scaling of structures of microfluidic Meter
&Store traps [23], was not trivial in terms of both the difficulty of
microfabriction and tuning of the aspect ratios of the structures for the
particular choice of fluids and the scale of the chambers. Especially, the
dimensions of metering traps, such as the depth of bypasses, the height
of the barrier and the length of the trap needed to be optimized – a task
that required ca. 10 iterations. The lipid solution that we use has a very
low (< 1mN/m) [27] interfacial tension with water – this is a much
lower value in comparison to fluorocarbon oils (reported values
3–14mN/m) [28–30] used in previous study published by Derzsi et al.
Low surface tension favours formation of satellite droplets at the steps
and barriers in the traps. We needed to carefully choose the dimensions
and aspect ratios of the traps to avoid this unwanted process of gen-
eration of small satellite droplets. In particular, we decreased of the
height of the bypass in the metering trap and adjusted the height of the
bypasses and barriers located around the storage well and made them
deeper – to 50% of the depth of the main channel (previously the depth
of this bypass was 33% of the main channel). This change was necessary
to speed up the derailing of the droplet from the metering trap to the
well.

The hydrodynamic trapping of droplets for formation of lipid bi-
layers has been shown by others [21,31–33], yet, here, for the first
time, the Meter&Store system combines the ability of facile preparing
on-chip dilutions of a sample with passive positioning of droplets. This
feature enables rapid screening of various concentrations of proteins.
However the precision of the performance of the dilutor is lower than
for the original design (mean RSD 14% and 4%, respectively) [23],
which can be attributed to the smaller volume of droplets and the
presence of phospholipids in the continuous phase. Droplets have to
merge during dilution in the metering trap but later they have to re-
main unfused and separated by the bilayer in the side well of the trap.
The merging during dilution is facilitated by squeezing of droplets ad
then pulling them apart – this phenomenon was previously described by
Bremond et al. [34]. However, the reproducibility and precision of di-
lution might be higher for decreased phospholipid concentration in the
oil – an approach that cannot be applied in the current design due to the
need of formation of bilayer in the side well in the next step of the
protocol. However, in the future applications one can consider se-
quential using of two supplies of oil. First low concentration of sur-
factant can be injected for metering of buffer droplets and for the di-
lution and then surfactant-rich oil can be supplies for formation of the
droplet interface bilayer in the side well.

The need for the three-dimensional structures of the traps (i.e.
continuous slope of the floor of storage wells) dictated the choice of

Fig. 4. Transport of calcium ions through αHL nanopores - dilutions of protein
sample on-chip. An exemplary plot depicts the mean pixel intensity of the
droplet area observed from excitation of Fluo-8 over time. The concentration of
αHL nanopores was calculated using the value of dilution ratio equal to 1.6.
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micromilling over the standard soft lithography methods. In addition,
the chemical composition of continuous phase prevented us from using
PDMS (which swells in the presence of hexadecane [35]) as a device
material. The geometry of the chip presented in this study is fully
compatible with mass production schemes, such as injection molding –
for precise and faster reproduction [36–38]. Our system does not re-
quire complex actuation (e.g. valves, piezoelectric modules) neither
optical sensors for feedback-triggered control of microflows of fluids
[39–41]. It is rather based on the use of user friendly syringe pumps.
The use of microfluidic methods is gaining popularity in biochemical
and biophysical research, and the basic equipment for microfluidic
experiments is being present in a growing number of laboratories. We
also hope that in the future simpler sources of flow can be adopted for
execution of operation on this passive system – e.g. a pipette [23],
pumping lids [26] or passive pumping method [42,43].

We demonstrated the capability of measuring the passive permea-
tion of small molecules through the lipid bilayers. Transport of fluor-
escein between droplets connected via lipid bilayer was shown as a
proof of the correct formation of membranes, however rarely it was
followed by the quantitative description of the process [11,21]. Dro-
plets are a perfect tool to study transport phenomena, as they provide
containers of well-defined volumes and, when immobilised in traps,
result in a stable area of contact. It was previously proved that the in-
vestigated small molecule – fluorescein – does not leak from droplets
into the surrounding hexadecane, thus, in view of that research, the
transport through a lipid membrane is the only plausible route [11]. We
calculated the permeability coefficient of fluorescein to be equal to
5.39×10−8 m/s in pH 7.3. This value is very close to the results shown
by Nisisako et al. (5.1× 10−8 m/s in pH 7.5) [8]. Slightly higher value
of permeability coefficient results from using lower pH (7.3 instead of
7.5) at which more species of fluorescein become uncharged and able to
permeate. In addition the difference may result from the presence of
silicone oil in continuous phase, which was reported to have a sig-
nificant influence on bilayers structure and properties [27]. Interest-
ingly the calculated permeability coefficient value through DOPC bi-
layer is very close to a value measured in an endothelial cells culture
(5.8× 10−8 m/s) [44]. In spite of the establishment of precise elec-
trophysiological methods which allow for single-channel measure-
ments, the fluorescence imaging creates new possibilities in studying of
the activity of membrane proteins. Monitoring the flux of ions asso-
ciated with excitation of fluorescence is a non-invasive method, which
can be easily automated for collection of data from parallel compart-
ments. Moreover, the fluorescence read-out is usually more widely ac-
cessible among researchers than devices for electrophysiological re-
cordings. However, the combination of both approaches and
implementation of electrodes to the parallel dilution DIB system, re-
cently shown by Nguyen et al. [32] and Taylor et al. [45], would open
up additional avenues for quantification of transport of molecules.

As a biologically relevant demonstration, we have chosen to mea-
sure the ion flux through natural nanopores incorporated in the lipid
bilayer. We chose α-hemolysin protein for its predictable assembly into
structurally well-defined channels passing small molecules through the
membrane. The measurements of Ca2+ flow through αHL nanopores
confirmed the data from similar experiments conducted in non-micro-
fluidic system by Castell et al. showing an increase of fluorescent dye
sensitive to the presence of calcium ions [15]. Most studies so far fo-
cused on showing the transport through α-hemolysin on a single-
channel level [46,47]. Here we take a different approach. Based on the
available literature data and by creating a model which allows us to
calculate the permeability rates we estimate the number of nanopores
present in the bilayer.

We generated droplets of reproducible volumes of 8.7 ± 0.5 nL.
The small volume of droplets and bilayers allows for collection of data
in a reasonable period of time (ca. 60min). For the sizes of droplets
used in the original work presenting Meter&Store traps, the char-
acteristic time for diffusion would be 447 s. Here, this time was reduced

to 33 s only, allowing for assumption of uniform distribution of mole-
cules within the compartments for the purpose of data analysis. Smaller
droplets are possible to obtain using different fabrication strategy e.g.
multilayer soft lithography [48]. However, the acquisition of images of
multiple points using motorized microscope cannot be done at once due
to the limited imaging area. For 12 pairs of droplets it takes 30 s to
acquire images of all of them. In addition, there is a variation between
each pair of droplets in the exact moment of formation of bilayer.
Differences at the level of few seconds do not significantly affect final
results of experiments lasting ca. 60min, but could be problematic in
the case of very short experiments. Therefore, we did not aim to min-
iaturize the system to the further extend, due to the limitations in the
rate of detection.

4. Conclusions

We report a novel application of the significantly re-engineered
microfluidic architecture –Meter&Store trap – for parallel generation of
artificial lipid bilayers. The main innovation lies in the fact, that op-
erations on samples are hard-wired in the structure of the microfluidic
channels. As a result, the device does not require neither special
equipment nor operator’s expertise in microfluidics. Easy to operate
syringe pumps are sufficient for preparation of nanoliter aqueous plugs
and for generation of 12 functional lipid bilayers at the interface of
droplets. We demonstrate the determination of permeation rate of small
molecule (fluorescein) through the lipid bilayers. In addition, we
quantify the activity of membrane protein (α-hemolysin) based on
optical detection of differences in calcium ion levels between the dro-
plets. By taking the advantage of the construction of hydrodynamic
traps comprising the device, we prepare various concentrations of αHL.
We show that the rate of transport depends on the number of protein
molecules within the droplet.
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