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This paper demonstrates a microfluidic system that automates i) formation of a lipid bilayer at the
interface between a pair of nanoliter-sized aqueous droplets in oil, ii) exchange of one droplet of the pair
to form a new bilayer, and iii) current measurements on single proteins. A new microfluidic architecture
is introduced - a set of traps designed to localize the droplets with respect to each other and with respect
to the recording electrodes. The system allows for automated execution of experimental protocols by
active control of the flow on chip with the use of simple external valves. Formation of stable artificial
lipid bilayers, incorporation of a—hemolysin into the bilayers and electrical measurements of ionic

transport through the protein pore are demonstrated.

Introduction

Efficient screening of the function of membrane proteins against
physical and chemical factors demands a reproducible and cost-
effective method for the generation of lipid bilayers and for
measuring electrical currents through channels and pores inserted
in them. The widely used patch clamp analysis enables recordings
of electric currents through protein channels in their natural
cellular environment or in artificial lipid vesicles. However,
classical patch clamp demands skilled manual operation thereby
limiting its throughput in routine drug screening assays. The high
demand for screens of protein function has prompted several
attempts to increase throughput and to automate the
measurements.! These methods require control of protein
expression in cells, which can be challenging,® and provide
limited information on activity, usually limited to ICs, values.
Methods for in vitro formation of bilayer lipid membranes (BLM)
— the variations of the Montal-Mueller® or painting technique are,
in turn, limited by the low stability of the bilayers.* Formation of
bilayers on a solid support significantly increases the stability,
however the format is prone to the formation of incomplete
membranes.>® Moreover proteins may interact unfavorably with
the solid substrate and their mobility and function can be
modified or hampered making electrical measurements difficult,
especially at the single molecule level.®

A convenient method for forming a stable lipid bilayer is by
bringing the lipid monolayer-coated interfaces of two aqueous
droplets into contact in 0il.”® Compared to the classical planar
bilayer method, Droplet Interface Bilayers (DIBs) show critical
advantages of exceptional stability that supports long-term
measurements, and minute, micro-liter consumption of samples.4
The stability of the interface and the ability to easily re-form the
bilayer make the DIB method an attractive strategy for
implementation in robust inhibitor screening schemes.”'® The
main challenge is in automation of the technique as implementing
automation may evolve the technique to a high-throughput
screening platform. Here we show, for the first time, repetitive
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formation of DIBs, separation of the droplets and exchange of at
least one droplet of a pair to form a new DIB, all in an automated

sequence.
Droplet microfluidics has successfully been used in high-
throughput screening to address various problems in
biochemistry'"'>  with primary applications in protein

crystallization," single cell screening,'* directed evolution of
enzymes'> and the clonal selection of antibodies.'® Droplet
microfluidics is an ideal tool for reproducible formation of
droplets with controlled composition of their interfaces,'”
including lipid monolayers.

Still, the research on droplet microfluidic techniques for in vitro
reconstitution and electrophysiological studies with lipid bilayers
has so far been limited. In a pioneering report, Funakoshi et al.®
built microfluidic chips in which a bilayer is formed between two
aqueous streams surrounded with an oily fluid. The formation of
a true DIB was confirmed by capacitance measurements of the
bilayer and voltage-clamp recording indicating incorporation of
a-hemolysin pores. The DIB system was proved to be useful in
investigation of other proteins, for example bacterial potassium
channels'*"®" or eukaryotic mammalian menthol receptor or**?'
equinatoxin®,
So far many microfluidic platforms and other chip technologies
have been developed, usually lacking the possibility of automated
serial formation of lipid bilayers,?2*!825-35.203638.21.39.40 i)y
parallelized systems capable of the creation of arrays of lipid
bilayers usually rely solely on of
fluorescence™*** ™  that does not provide for complete
characterization of the function of the pores.

Here, we present an automated microfluidic system that combines
the active manipulation of droplets**** with passive trapping,***
and the capability to insert electrodes into the droplets for in situ
electrical measurements on membrane proteins incorporated into
a DIB.

measurements
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Figure 1. Geometry of the microfluidic device. a) Schematic diagram of the microfluidic chip: A, E, J, K, P — inlets for oil, B, I — inlets for aqueous
samples, C — aspiration module with pure buffer for washing of electrodes, D, G — T-junctions, F — tubing with a sequence of droplets containing
inhibitors, H — aspiration module with a solution of proteins, M — ground electrode, N — hydrodynamic trap, O — working electrode, S — inlet for oil in a
control channel, L, R - outlets b) Schematic picture of the microfluidic trap. The DIB is formed at the interface of two droplets locked in the trap filled
with oil. The light-grey area represents so called ‘bypasses’ — shallow channels on the sides of the trap (dark grey). The continuous liquid (oil) passes
through the bypasses while the droplets are locked in the position. (For details of the trap architecture see Figure S2). ¢) Fragment of current trace (20 s)
reflecting the incorporation of a-hemolysin into a lipid bilayer, clamped at + 50 mV. Stepwise increase of current from 0 to 50 pA reflects the
incorporation of a single pore. The presence of inhibitor (y-cyclodextrin, 5 M) within the pore is seen as a decrease of current by app. 60%. The presence
10 of next aHL heptamer in a lipid bilayer is seen as a further stepwise increase of current. BL — baseline, O — open pore level, 2x O — 2 open pores, B —
blocked pore, 2x b — 2 blocked pores.

o

subsequently thermally bonded in a hydraulic press. The width of
the channels is 400 pm (excluding channels no. 14 and 15 [Figure
S1] which have witdh of 200 um) The depth of all channels is
400 pm. The device consists of i) a microfluidic trap (N, Fig la)
in which droplets are contacted to form a DIB, ii) two
microfluidic T-junctions (D and G) with additional sample-ports,
and iii) an inlet port for a sequence of droplets containing various
- inhibitors (F). Two silver wires coated with AgCl and a thin layer
of agarose gel serve as an electrode pair. One electrode is inserted
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Figure 2. Micrographs illustrating the orientation of the electrodes in the ) . .
microfluidic trap and the exchange of one of the droplets. a) Two droplets into each of the two chambers of the trap prior to running an
are trapped. b) Bilayer (indicated with an arrow) is formed at the assay.

interface. c-e¢) Removal of one of the droplets. f) Introduction of the new
droplet. The droplet wets the electrode immediately after being placed in
a trap (see details in ESI). Scale bar is 200 um.
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Operation of a chip

We first filled the whole system with a continuous organic phase
For screening applications it is essential that the microfluidic containing lipids (1 mg mL" 1,2-diphytanoyl-sn-glycero-3-
system is capable of automated generation and manipulation of phosphocholine [DPhPC] in 75% hexadecane and 25% silicone
multiple droplets. Droplet on demand systems*® provide a high oil AR20). We then opened the port (B) and transferred a small
degree of control over the composition and location of each volume (tens of microliters) of buffer (1 M KCI, 10 mM Tris-
droplet. Although, the generation of DIBs and networks of HCI, pH 7.0) from a glass microsyringe connected to the chip via
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droplets has been demonstrated on a chip,’>*>***! a remaining ¥ 2 capillary. We used the port (/) to introduce a small volume of
’ . . . . -1

25 challenge was to interface electrodes for repetitive measurements the prot'eln solution (a-hemolysin (aHL) w11d-typej,' S pg mL7,
of bilayer capacitance and of conductance through single diluted in the same buffer). After closing the deposition ports we
channels and pores. opened the flow of oil from inlets (4 and J) into the channel

containing the sample to push the front of the aqueous aliquot to
the T-junction. A sequence of droplets containing inhibitors was
deposited on the chip in a similar manner (¥ and E).

We used valves to control the flow of oil from pressurized
containers (Figure S3). Droplets were generated in T-junctions —

b

Results ’
Microfluidic device

30 The microfluidic device (Figure 1) comprises 2 polycarbonate

plates, milled with an Ergwind msc4025 CNC milling station and a defined volume of the aqueous sample was pushed into the
¢ orthogonal channel and then broken-off with the flow of oil®?



Page 3 of 7

@

S

Lab on a Chip

(Fig. 1a, K and P) and transported into the trap (V). The system
(see Fig. 1b) comprises two cavities (dark grey in Fig. 1b) that
lock the droplets by capillary forces in place. The shallow
bypasses (marked with the light grey in Fig. 1b) allow for small

s flow of oil around the droplets without distoring them. In the
experiments, we first generated and placed in one trap a droplet
containing a-hemolysin, then sequentially pushed droplets
containing different concentrations of an inhibitor into the second
trap.
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Figure 3. Dependence of the measured bilayer capacitance on the volume
of droplets. Each data point represent the average capacitance values of
five droplet pairs; error bars represent the standard deviation (SD). The
trend in the capacitance reflects the systematic dependence of the surface
area of the bilayer on the volume of the droplets. The standard deviation
of the recorded capacitance roots in small differences in the positioning of
the droplets in the traps.

The pair of chambers in the hydrodynamic traps allows us to lock
in place two droplets and observe the kinetics of formation of the
DIB (Figure 2). In addition to tracking the process visually with a
video camera we measured the capacitance of the DIB in absence
of any membrane proteins. To this end we applied a triangular
potential (10 Hz, 50 mV peak-to-peak) and recorded the resulting
square wave current at a 1 kHz sampling rate. After the droplets
first touch each other, it takes about 60 s for the bilayer to form.

Characterization of the bilayer

Formation of a bilayer causes a rapid increase in the capacitive
current /., that reaches typically 394+13 pA for two droplets of
volume 300 nl each.

o x Y
e =Cr x % M

Capacitive current /- (Equation 1) is directly proportional to the
capacitance Cy and the rate of change of potential, which was set
to 1 V/s. Therefore, we find the value of the capacitance to be
394+13 pF for 300 nl droplets. The area of the bilayer can be
determined through the measurement of the capacitive current™.
Using the specific capacitance for a bilayer formed in pure
hexadecane® (0.64 pF cm?), we estimated the contact area
between the 300 nl droplets to be 61500+2500 pm?. Our system
allows us to trap droplets with volumes ranging between 250 nl
40 and 350 nl and form lipid bilayers between them. This range of
volumes allows for a nearly 4-fold range in the surface area of the
DIB (Figure 3). Internal flows of oil (e.g. convection) cause
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fluctuations of the capacitive current which is proportional to
bilayer size, yet these changes are small and do not impact the

as process of pore insertion. Relative standard deviation (RSD) of

single bilayer area is in the range of 1-6%. Additionally,
subsequent pairs of droplets can have slightly different positions
during formation of bilayer, thus the overall RSD for a given
droplet volume is slightly higher (in the range of 4-10 % - see

so detailed analysis in SI — Table S1).
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Figure 4. Measurements of capacitive current, reflecting the size of the
bilayer. The application of a constant flow of oil (respectively: a) 5 nl s™

capacitive

Q

55 b) 10 nl s and ¢) 15 nl s results in a decrease of the bilayer surface

area. The vertical dotted red lines indicate the moment when the flow of
oil was applied and when it was stopped. d) We were able to reduce the
surface area of the bilayer from about 85 900 pum? to 31 400 um?. The
areas were estimated by the analysis of images with ImageJ with the
assumption that the contact area is circular. The ion current across the
bilayer was constant and equal to ~2330 pA at a potential of + 50 mV,
which indicated that the number of pores in the membrane remained
constant throughout the measurement. The vertical arrows in inset d)
indicate the beginning and ending of a period of 45 s during which the
droplets were partially separated by the flow of oil (15 nl s™).

o—hemolysin measurements

In order to test the functionality of the DIB we trapped a pair of
~300 nl droplets, one containing a solution of WT a—hemolysin
and the second with only the buffer. After formation of a DIB, we
conducted a voltage clamp measurement at +50 mV. We
observed the incorporation of single heptameric protein pores as
step-wise (50 pA) increases in the current. Subsequently, we
replaced the buffer droplet with a droplet containing a 50 uM -
cyclodextrin (yCD), which is a reversible non-covalent blocker of
the a-hemolysin pore. Pore blockades were observed as transient
decreases in the current to ~40% of its open-pore value. Next, we
checked whether residual inhibitor remained on the electrode
after the droplet containing yCD was replaced by a droplet with
buffer alone. Rare blockades (on average 1.5 events per minute
compared to ~80 min"' prior to washing) were recorded.
Repetition of the exchange of the droplet completely eliminated
the blockades (Figure S5). These results illustrate efficient
washing of the electrodes.
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Figure 5. a) Rapid screening of inhibitors against a single a—hemolysin channel. Short segments of current traces in the presence of y-cyclodextrin at
various concentrations (1 pM - 50 uM). b) Concentration dependence of the inhibition of a single aHL pore by y-cyclodextrin. P, was plotted versus the
concentration of the blocker (c). The error bars represent the SD from at least three trials. The sum of all the measurement intervals (recordings of current)

10 included in the calculation of the probability of blocking of the pore at each concentration was at least 145 s (see details in table S2).The curve was plotted
using the saturation function (Equation 2) and the dissociation constant (K,;) found to be 61 = 7 uM.

Popen = (142)

Control of the surface area

We are able to change the surface area of the DIB formed
15 between the two droplets by varying the rate of flow of oil
injected from the perpendicularly oriented additional channel
(Fig. la, S). This flow pushed the interfaces apart with the
magnitude of the effect depending on the rate of flow (Figure 4).
The control over the surface area of the DIB allows us to
20 influence the surface concentration of the inserted pores. After a
high number (~45) of aHL pores incorporated into the bilayer,
we decreased the contact area. Despite decreasing the area of the
bilayer, the current produced by the inserted pores remained the
same (Fig. 4d, S8 and S9). Therefore, the number of functional
25 protein molecules per unit area of the DIB had increased”'.

Screening experiment

We demonstrated the ability of our system to perform automated
screening. We first prepared a sequence of 12 droplets presenting
6 different concentrations (duplicates of 1, 10, 20, 30, 40 and 50
30 uM) of the inhibitor y-cyclodextrin. The droplets were formed
inside a 0.3 mm diameter PTFE tube using a syringe pump by
alternating the aspiration of portions (300 nl) of aqueous
solutions of different concentrations of inhibitor and oil admixed
with lipids (700 nl) stored in a standard 96-well plate™ (as shown
35 in the Figure S6), demonstrating compatibility of the system with
standard screening interfaces. Routing of the droplets containing
inhibitors on the chip was controlled by optical feedback and
external valves***,
In the screening experiments, we first trapped a droplet
40 containing o—hemolysin heptamers. Then we introduced the first
droplet from the sequence of inhibitors. We voltage-clamped the
bilayer at +50 mV and performed measurements of the current
through the pore. Then we exchanged the droplet containing the

2

inhibitor with a fresh one, presenting a new concentration
45 (preceded by the washing of electrode with a droplet of pure
buffer). An exemplary trace of 4 subsequent exchanges is
depicted in Figure S7. It is important to note, that the exchange of
the droplets disrupts the bilayer, and dislodges the protein. As a
result, most likely different molecules are studied in the
so measurements on subsequent droplet pairs. We observed, with a
judiciously chosen concentration of protein (5 pg mL™), clear
intervals between incorporation of the first and subsequent pores.
This allows for the analysis of kinetics of inhibition at a single-
pore level. After the recording, we removed the droplet
ss containing the inhibitor and washed the electrode with a droplet
comprising buffer alone generated automatically at a T-junction.
The single cycle of removing a droplet, washing the electrode,
placing a fresh droplet with new concentration of the inhibitor
and performing the measurements took 210 s. Screeing
6 experiments in which we measured the current through the pores
in the presence of inhibitors at different concentration lasted a
multiplicity of the interval.
We were able to perform 2 repetitions of the screening with 6
concentrations of the blocker in each screening (Figure 5a) by
¢s using a single droplet containing a—hemolysin. In about 50% of
individual DIBs we observed the successful incorporation of at
least one pore, which is consistent with the results of a previous
studies®®. Over time we noticed a decreased rate of pore insertion.
We suppose that the decrease in the insertion rate is associated
70 with aggregation of the diluted protein. After the 2 screening
repetitions (40 min) we observed almost no insertion of pores
within the arbitrarily set interval of 210 s.
Our system allows the replacement of the droplet containing the
protein with a fresh one. In order to demonstrate this, we repeated
75 the whole screening procedure five times, giving in total ten
repetitions (2 repetitions in each screening experiment) of the

Page 4 of 7
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sequence of six different concentrations (a total of 60
measurements). Using the current traces obtained for 10-50 pM
#CD, we analyzed the duration and frequency of blocking and
calculated the dissociation constant (K,;) value for the binding of
y—cyclodextrin to a—hemolysin to be 61 = 7 uM (lit.,>* 47+ 9, see
Figure 5b and description in SI).

Discussion

We demonstrated for the first time an automated microdroplet
system that enables fast, simple and reproducible screening of
inhibitors against membrane proteins.

Up to now, droplet microfluidics have been used to generate
droplet interface bilayers at a high yield***> but without the
ability to perform electrophysiological measurements on samples
encapsulated in the droplets. In comparison to high-throughput
systems relying on assay of diffusion of fluorescent dye through
the pore,* ™ our system is able to carry out reproducible single-
pore electrophysiological recordings with high resolution
including the on-off kinetics. The technique that we report here
allows for automation of these measurements and for additional
operations, such as washing and exchange of both the inhibitor
solution and of the protein. The exclusion of manual handling of
droplets is an important feature that increases the reproducibility
of the protocol.

The droplet microfluidic system also allows the use of a minimal
volume of sample. In our system this is achieved by the direct
aspiration of tiny aqueous droplets (300 nl) from a micro-well
plate and by modules that accept the microliter batches of liquids
for further processing on chip. Our system is open for easy
exchange and for automated processing of sequences of samples,
an outstanding challenge that inspired a number of studies in the
recent years. TR

In addition, we demonstrated control of the area of a bilayer, both
statically by tuning the volume of the droplets and dynamically
by adjusting the rate of flow of an additional stream of oil.
Interestingly, the decrease in bilayer area did not result in a
decrease in the number of inserted pores, consistent with the
results reported by Gross et al.*® In the future, our system may be
improved to permit the precise, automated control of the bilayer
area and its use in the control of protein density in a bilayer.*®
Additionaly, the electrodes in our device did not show loss of
activity of despite their intensive use — including repetitive
wetting and de-wetting of electrodes with droplets - during a
period of 3 weeks. Neither the layer of agarose gel, nor the layer
of AgCl on the surface of silver wire, were depleted. We did not
observe any changes in the performance of the chip over
extended periods of operation, in particular we did not observe
any wetting of the walls of the channels with the aqueous phase.
The increasing number of studies on various membrane proteins
incorporated into droplet interface bilayers '®'*22 suggests that
DIB may constitute an alternative to the BLM method, with the
cautionary note, that each type of protein must be tested for
compatibility with the droplet system.

Experimental
Reagents

1,2-Diphytanoyl-sn-glycero-3-phosphocholine (DPhPC, Avanti

)
P

100

105

110

Polar Lipids), hexadecane (Sigma Aldrich), silicone oil AR20
(Sigma Aldrich), y-cyclodextrin (Cyclolab) were used as
received. The buffer for washing electrodes, and protein and y-
cyclodextrin dilution, consisted of 1 M KCI (Sigma Aldrich), 10
mM TRIS.HCI (Roth), pH 7.0. The lipid solution was prepared
by dissolving DPhPC (200 mg) in chloroform (10 mL, Chempur).
The chloroform was evaporated under vacuum and the lipid film
was re-solubilized in a mixture of 75 % v/v hexadecane and 25 %
v/v silicone oil AR20.

Protein expression and purification

WT aHL was expressed in Staphylococcus aureus, converted to
heptamer with deoxycholate and purified by preparative SDS-
polyacrylamide gel electrophoresis as described.’” The stock
solution (50 pg mL™") was kept on ice at all times and diluted 10-
fold in buffer immediately before introduction onto the
microfluidic chip. The rate of protein incorporation into a bilayer
decreased with time. We did not notice any difference in
performance when a diluted sample was kept at room temperature
(20°C) for 2 h. We suppose that the decrease in activity is due to
the aggregation of protein molecules after dilution.

Electrical recordings

Ag/AgCl electrodes were used for electrical measurements. Silver
wires of 100 um in diameter (Sigma) were treated overnight (12
h) with sodium hypochlorite solution (Sigma). The tips of the
electrodes were submerged in melted agarose (1% w/v, Roth),
diluted in 1M KCl, 10 mM Tris.HCI, pH 7.0 buffer. The AgCl
and agarose coatings allowed for sufficient wetting and electrical
connectivity when a chip was tested intensively over a period of 3
weeks.

A patch-clamp amplifier Axopatch200B (Molecular Devices) was
used for recording the electrical current, which was acquired with
a 1 kHz low-pass Bessel filter at a sampling rate of 10 kHz. The
electrical recordings were post-filtered with a 400 Hz Gaussian
filter for the analysis of single channels and capacitive current,
and with 100 Hz filter for display only.

Microchip fabrication

The polycarbonate chip was fabricated from 5 mm thick plates
(Macrolon, Bayer) using a CNC milling machine (MSG4025,
Ergwind). The milled two plates were then thermally bonded by
compressing them together for 30 min at 130°C. 11 steel needles
(~4-cm long, O.D. 0.82 mm, I.D. 0.65 mm, Fishman Corporation)
served as inlets. 7 of them were connected to resistive steel
capillaries (O.D. 400 pm, 1.D. 205 pm, length 100 cm, Mifam)
using segments of Tygon tubing (~2 cm, O.D. 0.91 mm, 1.D. 0.25
mm, Ismatec). We used the capillaries to connect the device to
the external electromagnetic valves. The use of steel capillaries of
high fluidic resistance allows for precise control of the flow on
the chip and the performance of iterative operations, including
generation of droplets on demand. One of the capillaries was
extended with a short piece of HPLC tubing (10 cm, PEEK
Tubing 1/16 x 0,0025, Upchurch Scientific) in order to increase
the resistance to flow. 2 out of 9 needles were connected through
10-cm long capillaries with 500 pl syringes, each equipped with a
built-in valve (1750SL, Gastight Hamilton), which were used to
store and introduce onto the chip pure buffer and the protein
solution. 2 of the ports, which served as outlets, were connected
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with valves via 50-cm PTFE tubing (O.D. 1,6 mm, I.D. 0.8 mm,
Bola).

We generated the sequence of droplets containing inhibitors off
the chip (see the procedure in Supplementary Information). We
then introduced these droplets onto the chip through a PTFE
tubing, rather than a needle. Therefore, a connection was made
directly between the channel and the tubing: 3 cm of PTFE tubing
(O0.D. 1.0 mm, L.D. 0.5 mm, Bola) was sealed to the chip with
Hysol glue.

w

10 Calculations of K,

All measurements of aHL activity were performed at +50 mV. 5
concentrations (10 — 50 uM) of yCD were used. We discarded the
results of aHL blocking by 1 uM yCD since the number of
blockades was very low. The protein was contained in a droplet

15 positioned at working electrode. The buffer was 1M KCI, 10 mM
Tris. HCl, pH 7.0. For more detailed explanation see the
Supplementary Information.

Conclusions

The system presented here provides numerous opportunities for

20 further development. The use of in vitro transcription and
translation (IVTT) for protein expression directly in the droplets
may allow to avoid the steps of purification, freezing and
dilution.'® Alternatively the addition of a microfluidic module for
the dilution® of protein stock on chip will allow for more

25 efficient screening protocols. The use of on-demand droplet
screening techniques**>? may provide for fast screening of the
composition of buffers and their effects on the function of protein
pores. We hope that the technique reported here is a step towards
the construction of systems for high-throughput in vitro tests of

30 activity of membrane proteins, in which sequential screens might
be combined with parallelization.'***
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