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Abstract

In recent years, lipid vesicles have become popular vehicles for the creation of biosensors. Vesicles can hold
reaction components within a selective permeable membrane that provides an ideal environment for
membrane protein biosensing elements. The lipid bilayer allows a protein to retain its native structure
and function, and the membrane fluidity can allow for conformational changes and physiological interac-
tions with target analytes. Here, we present two methods for the production of giant unilamellar vesicles
(GUVs) within a microfluidic device that can be used as the basis for a biosensor. The vesicles are produced
from water-in-oil-in-water (W/O/W) double emulsion templates using a nonvolatile oil phase. To create
the GUVs, the oil can be removed via extraction with ethanol, or by altering the interfacial tension between
the oil and carrier solution causing the oil to retract into a cap on one side of the structure, leaving behind an
exposed lipid bilayer. Methods to integrate sensing elements and membrane protein pores onto the vesicles
are also introduced in this work.

Key words Biosensor, Solvent extraction, Dewetting, Giant unilamellar vesicle, Artificial cell,
Microfluidics

1 Introduction

A biosensor is an analytical tool that utilizes a biologically derived
recognition element to detect an analyte of interest. The biological
recognition element is the key to biosensor function and specificity,
as the inherent advantage of a biosensor is to utilize the incredibly
specific interaction of the biorecognition element with the analyte
of interest. In turn, various substances and organisms can be
detected in vital environmental resources (i.e., drinking water) or
biological systems, with incredible specificity.

The interaction of the analyte with the bio-recognition element
produces a physical or chemical change that is then converted
by a transducer into an electrical signal proportional to the concen-
tration of analyte in the sample. The biorecognition element is
commonly an enzyme or protein [1], or antibody [2], but oligo-
nucleotides [3], whole cells [4, 5], and organelles [6, 7] have also
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been used. In most cases, the biorecognition element is placed in
direct physical contact with the transducing element [8]. The
nature of the physical or chemical signal passed to the transducer
can be electrochemical [9, 10], optical (fluorescent or colorimetric)
[1, 11], calorimetric [12–14], or piezoelectric [15, 16], among
others [17, 18]. While the biorecognition element allows for bio-
sensors to have incredible specificity, it traditionally falls on the
transducer to amplify the signal to increase the sensitivity of the
system, and the degree and quality of this amplification will be
limited by the particular transducer [19].

The sensing mechanism for a biosensor can take many forms:
for example, the biosensor can utilize an enzyme that will initiate a
biochemical reaction in response to an analyte binding event or a
protein will undergo a conformation change when bound to the
target analyte. In nature, cells sense their environment through a
signaling cascade of multiple reactions that allow for highly efficient
amplification [20]. For this reason, there has been an interest in
using vesicles as biosensors for their ability to encapsulate biological
reaction components. The very nature of the reaction can be one
that involves signal amplification, such that the signal can be pre-
amplified before reaching the transducer, or the vesicle can itself act
as the transducer, further simplifying the system. By placing the
components of the biochemical reaction within a small, confined
volume, the concentration of product molecules can increase to a
detectable level much more rapidly, and with much less analyte,
than in a larger, bulk solutions. The use of an enzyme and a
biochemical reaction scheme in a biosensor platform also means
that a single molecule of analyte can initiate multiple reaction
events, allowing for tremendous signal amplification and paving
the way the for single molecule detection. Such technology can
negate the need for analyte pre-enrichment above a specific detec-
tion threshold, as is still the case with many traditional detection
platforms (PCR, Elisa, etc.) [21]. Placement within a physical
boundary also protects the reaction components from contamina-
tion, allows the system to be deployable into sensitive, biological
environments, and provides a platform for the placement of the
sensing elements. Natural cells contain the ideal physical boundary
between their interiors and the external environment, the lipid
bilayer, which can be functionalized to meet a variety of demands
and tasks. Over the last few decades, many biosensing platforms
have utilized either planar or enclosed lipid bilayers, or their syn-
thetic, biomimetic equivalents [22, 23]. With a membrane, the
biorecognition element can either be enclosed within the vesicle,
embedded within the membrane itself, or conjugated to the mem-
brane surface. The biomimetic nature of lipid vesicles provides the
ideal environment to stabilize and maintain the activity of proteins
and enzymes for analyte detection and their inherent biocompati-
bility allows for them to be deployed in many biological
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environments. The ease with which vesicles can be modified and
functionalized also makes them compatible with many of the cur-
rent sensor technologies mentioned previously and opens the pos-
sibility for multi-target sensing.

Enzymatic reaction events have been utilized in biosensor
applications [24, 25], and with the design of artificial organelles,
such reactions have been contained within vesicles and polymer-
somes [26–28]. While many artificial organelles are designed with
the therapeutic intent to correct cellular function or introduce
novel biochemical functions into established cells, the application
to biosensing cannot be overlooked. For membrane permeable
analytes, the design of the biosensor is simplified, in that there is
no need for any active components to be in, or conjugated to, the
membrane and all the sensing and reaction components can be
entirely contained within the vesicle interior, where the result of
the reaction releases a fluorescent signal that can be correlated to
the concentration of analyte [29]. For example, Ben-Haim et al.
demonstrated that enzymatic activity could be maintained within
vesicles by encapsulating trypsin and using it to cleave the mem-
brane permeable BZiPAR (bis-(CBZ-Ile-Pro-Arg)-R110, a Rhoda-
mine 110 peptide substrate), releasing green fluorescent
Rhodamine 110 [29]. Enzymatic cascades are also possible within
vesicle structures, where different vesicles can contain different
steps to an enzymatic cascade reaction, leading to the plausibility
of compartmentalized, sequential reaction steps within a single
structure. Such a scheme was demonstrated by encapsulating horse-
radish peroxidase (HRP) and glucose oxidase (GOx) in separate
polymersomes to detect glucose [26]. After GOx converts glucose
to into gluconolactone and H2O2, the membrane permeable H2O2

diffuses into solution and enters the polymersomes containing
HRP and 2,20-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS), where the resultant reaction produces the ABTS radical
cation (ABTS*þ). This reaction was also realized in a single struc-
ture with an additional extra step where membrane bound Candida
antarctica lipase B (CalB) converts 1,2,3,4-tetra-O-acetyl-b-gluco-
pyranose (GAc4) to glucose [27]. The polymersome biosensors
that contained these reaction components were formulated to be
naturally permeable to glucose so it could pass through the mem-
brane and initiate the remainder of the reaction cascade in the
interior. Channels imbedded in the membrane can also be utilized
in vesicle biosensors as electrochemical detection schemes [30], or
to allow the passage of membrane impermeable analytes to internal
reaction components [1, 28]. With cascade events, amplification
can be achieved in this format as well.

Vesicles have also been designed to be responsive to the envi-
ronment by causing a structural change in the molecules that make
up the membrane. Vesicles produced from polydiacetylene (PDA)
lipids are very popular in this regard for use in colorimetric assays, as
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they will undergo a rapid color change that is visible to the naked
eye in response to various environmental stimuli, including pH,
temperature, and exposure to a variety of molecules, peptides, and
solvents [31]. For biosensor applications, biorecognition elements
can be conjugated to the PDA vesicle membrane, and binding of
analytes will cause a sharp color change, the degree of which is
proportional to the concentration of analyte in the sample [32–34].
Although PDA vesicles are generally very stable, their production
cost is currently prohibitive to widespread commercialization and
they can suffer from issue with specificity, as they are naturally
responsive to a wide range of stimuli.

Other effective strategies also exist to realize amplification with
the use of vesicle thatmakes use of their mass and surface-to-volume
ratio. For one, they can be used to encapsulate high concentrations
of signaling molecules to increase the sensitivity of various types of
immunoassays [35]. Antibodies specific to the analyte in question
are immobilized to a surface and the vesicles can either be tagged
with the analyte and compete with free analyte to bind with the
immobilized antibodies (competitive immunoassay) or vesicles can
be tagged with antibodies and bind to the analyte-immobilized
antibody complex (sandwich immunoassay). In this way, a large
concentration of signaling molecules can be associated with a single
binding event, and analysis can be accomplished through the locali-
zation of dye containing vesicles for colorimetric [36–38] and fluo-
rescent [39, 40] assays, release or production of ions for
electrochemical signaling [35], and the release of chemiluminescent
substrates for chemiluminescence assays [41] (see Note 1). The
extra mass and size provided by vesicles relative to the analyte
being detected is another use of vesicles for signal amplification.
With surface plasma resonance (SPR) sensors, vesicles can be used in
sandwich immunoassays to amplify the degree of SPR shift
measured by the detector [42]. Vesicles can also enhance the sensi-
tivity of quartz microbalances (QCM) [43, 44]. Quartz microba-
lancesmeasure themass of absorbedmaterial based on its oscillation
frequency, and this mass can be increased significantly with the
attachment of a vesicle to each bound analyte on the microbalance.
Theoretically, however, any nano- or micro-particle with a modifi-
able surface can accomplish the same effect as vesicles with respect to
SPR and QCM.

With all the talk about the utility of vesicles for biosensor
applications, there has yet to be wide spread adoption of vesicle
based biosensors. A major bottleneck is their inherent fragility and
short-shelf life, where fusion and lipid hydrolysis remain to be the
most common culprits of population degradation. Long-term stor-
age of a few months to more than a year will be a requirement of
any biosensor kit utilized in the public domain. While freeze drying
is a popular means of storage, this has not been successfully demon-
strated with vesicles that are immobilized to surfaces and rehydra-
tion efficiency could potentially be a challenge [45].
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In this work, we report on two methods to create GUVs from
microfluidically generated double emulsion templates that are suit-
able for long-term storage in an aqueous environment. Microfluidic
methods offer the advantage of precise control over the size and
lamellarity of the resultant vesicle population, and greatly increase
the encapsulation efficiency over bulk methods [46, 47] (see Note
2). For both methods, W/O/W double emulsion precursors are
formed within a single junction, co-focusing microfluidic device, as
illustrated in Fig. 1. The oil phase consists of oleic acid with
dissolved lipids. In the first method, the double emulsions are
placed in an electrolyte solution whereby an increase in interfacial
tension between the oil and external water phase causes the oil layer
to undergo a dewetting process [48], forming a lipid bilayer and
collecting as a “cap” on one side of the vesicle (Fig. 2). In the
second method, the double emulsions are collected in a solution of
14% ethanol, whereby the oleic acid is extracted out by the ethanol
solution to form a lipid bilayer over the course of 15 h, as described
previously [49]. The GUVs produced from these methods can be
used as a basis for future biosensing technologies and applications.
We also present methods to integrate recognition elements on the
vesicle surface and insert melittin to create a permeable channel for
penetrating analytes.

Fig. 1 Schematic and microscopic images of one-step double emulsion device and double emulsion
generation. (a) Schematic of device design used for double emulsion production. (b) Close-up of double
emulsion generation zone. Aqueous channels are 50 μm wide unless otherwise specified. Oil channels are
30 μm wide. (c) Microscopic image of double emulsion generation zone and double emulsion production
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2 Materials

2.1 SU-8 Master

Mold Fabrication

1. Cleanroom facility (Class 1000 or greater).

2. 3 inch silicone wafer (Polishing Cooperation of America).

3. SU-8 photoresist (2025 or 2050, MicroChem).

4. 2% (v/v) hydrofluoric acid (HF). Solution is made by mixing
480 ml of water with 20 ml HF (49%). Protective eyewear,
neoprene or thick nitrile gloves, and a neoprene apron must be
worn while handling HF.

5. Photo Resist Spin Coater (Laurell Technologies).

6. UV Flood Exposure System (AB&M).

7. Transparency Mask (20,000 dpi, CAD/Art Services, Brandon,
OR). The device design was drawn in AutoCAD (AutoDesk)
and exported to Adobe Illustrator (Adobe) .esp format for
printing.

8. 5 � 5 in. transparent glass or quartz sheet.

9. Hot plate.

10. Isopropyl alcohol (IPA, 99.9%).

11. Acetone (99.9%).

12. SU-8 developer (MicroChem).

2.2 Microfluidic

Device Fabrication

1. Unidirectional flow tabletop workstation (TT-4830, Envirco
Corporation, Albuquerque, NM).

2. Polydimethylsiloxane (PDMS) base and curing agent (Sylgard
184, Dow Corning).

3. Petri dish (100 mm � 15 mm, PD-3561, Phenix Research
Products).

Fig. 2 Brigh-field microscopic images of the dewetting process. Process is from left-to-right. Upon exposure to
increased interfacial tension from electrolytes, the oil in the double emulsion begins to accumulate to one
side, causing a local thinning of the oil shell and an increase in the depletion force in that area. The lipid tails
can then force out the excess oil and form a bilayer. Scale bar is 12 μm
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4. Harrick Air Plasma Cleaner (Harrick Plasma).

5. KJLC 205 Series Thermocouple Gauge Controller (Kurt J.
Lesker Company).

6. Trivac D2,5 E Vaccum Pump (Oerlikon Leybold Vacuum,
Product# 140002).

7. Compressed nitrogen gas tank (Airgas).

8. Spray gun (Furon®).

9. Biopsy punch (Integra™ Miltex®).

10. Vacuum/degassing chamber.

11. Oven (65 �C and 120 �C).

12. Light duty tissue wipes (One-Ply White Wipers, 4.5 � 8.3 in.,
VWR).

13. Standard glass microscope slide (Corning).

14. Scalpel (Staninless #3 scalpel holder and surgical blade No. 11,
Feather).

15. 1 ml syringe (Norm-Ject®).

2.3 Imaging 1. Inverted microscope (TC2000-S, Nikon).

2. High speed camera (V310 Phantom, Vision Research) and
associated software.

3. Compatible PC.

2.4 Fluid Pumping

System

1. SMC ITV0011-2UMS digital regulator (Automation Distri-
bution) and associated LabVIEW Software.

2. DC regulated power supply (1670A, BK Precision).

3. USB DAQ (�2, National Instruments).

4. Pressure supply (House air or tank).

5. Pressure regulator (Swagelok).

6. Tygon tubing (0.02in ID, 0.06in OD, AAD02103-CP, Cole-
Parmer).

7. 2.0 ml freestanding screwcap tube (SCS020TF, Phenix
Research Products).

8. 23 G �1 needles ((0.6 mm � 25 mm, BD Precision™ Glide
Needle).

2.5 Working

Solutions

1. Internal Solution—5% solution of Pluronic F68, diluted with
DI water from 10% Pluronic F68 (Sigma-Aldrich), and
250 mM sucrose (Fisher Scientific).

2. Middle Solution—10 mg/ml of DOPC (1,2-dioleoyl-sn-gly-
cero-3-phosphocholine, Avanti Polar Lipids) and 5 mg/ml
cholesterol (Avocado Research Chemicals, Ltd) dissolved in
oleic acid (Fisher Scientific). This solution can be modified to
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contain other lipids for surface conjugation of sensing ele-
ments, and will be referenced in the text.

(a) Covalently Bonded Amine Reaction: Add 10% molar ratio
of DSPE-PEG(2000) Cyanur (Avanti Polar Lipids) to
DOPC in middle solution.

(b) Biotin–Avidin Interaction: Add 1–10% molar ratio bioti-
nylated lipid (DSPE-PEG(2000) Biotin, Avanti Polar
Lipids) to DOPC in middle solution.

3. External Solution (Method 1)—2 parts (v/v) pluronic F68
(10% solution, Sigma-Aldrich), 1 (v/v) part glycerol (EMD
Biosciences), and either 125 mM NaCl (Fisher Scientific) or
250 mM sucrose.

4. External Solution (Method 2)—1 part ethanol, 1 part glycerol,
1 part water, 4 parts 10% pluronic F68.

5. Storage Solution (Method 1)—0.5% pluronic F68 in 250 mM
sucrose solution.

6. 0.4 and 0.1% (w/w) solutions of PVA (polyvinyl alcohol, aver-
age MW 30,000–70,000, 87%–90% hydrolyzed, Sigma-
Aldrich).

7. 1% (v/v) Teflon® AF (DuPont™) in Fluorinert™ FC-43
(3 M™).

3 Experimental Setup and Methods

3.1 Creation of SU-8

Master Mold

The master mold is fabricated using standard UV photolithography
techniques [50, 51], following the MicroChem protocols for SU-8
to achieve the desired feature height. The protocol is briefly
described below for 40 μm high features. An external vendor prints
the transparency mask via high-resolution printer at 20,000 dpi.
The mask can produce ten devices on a single wafer and is printed
such that the channel features are transparent on a black back-
ground (Fig. 3). Steps 1–8 below need to be completed in a
Class 1000 (or greater) cleanroom facility to ensure a dust-free
master mold.

1. In a chemical fume hood, submerge the silicone wafer in 2% (v/
v) HF solution for 15s, wash with water, and allow to dry at
120 �C for 20 min. Always wear proper personal protective
equipment (PPE) when handling HF solutions and employ the
buddy system. Do not use glass containers for HF.

2. Spin coat SU-8 2050 photoresist onto the silicon wafer. Spin
at 500 rpm (21.3 � g) for 10s to ensure even spreading, then
ramp up to 4000 rpm (1363 � g) to achieve a 40 μm feature
height.

3. Soft bake the wafer at 65 �C for 3 min and 95 �C for 6 min.
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4. Remove silicon wafer from oven or hotplate and place in the
UV flood exposure lamp. Place and center the transparency
mask on top of the wafer and place a 5in�5in glass sheet on top
of the transparency mask to prevent light leakage.

5. Expose the wafer to 160mJ/cm2. To calculate the time needed
to expose the wafer to UV radiation, divide the exposure
energy by the power output of the UV lamp (mW/cm2).

6. Bake the wafer at 65 �C for 1 min and 95 �C for 6 min.

7. Place the wafer in SU-8 developer for 5 min. While the wafer is
submerged in developer, move the container in small
infinity motions to ensure complete removal of undeveloped
photoresist (more important for high aspect ratio features).
A sonicator can also be used for high aspect ratios, but the
development time should be reduced accordingly.

8. Wash wafer with excess SU-8 developer, followed by IPA.

9. Hard bake the patterned wafer at 150–200 �C for 5 min.

10. Spin coat with 1% (v/v) Teflon® AF in Fluorinert™ FC-43 at
3000 rpm (768 � g) for 30 s. Cover entire wafer with a thin
layer of solution before running spinner.

11. Place wafer in 120 �C oven for 1 min.

12. Store wafer in a dry, dust-free environment. The wafer can be
reused for many years.

1. The plasma chamber is set up in a laminar flow hood to prevent
the inflow of dust and debris. An image of the setup can be seen
in Fig. 4.

Fig. 3 Photograph of transparency mask. Each mask can produce ten individual
devices
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3.2 Microfluidic

Device Fabrication

3.2.1 Plasma Chamber

Setup

2. The rear of the plasma chamber is connected to the vacuum
pump using 3/8 in ID reinforced tubing and tightened in place
with hose clamps.

3. The perpendicular portion of a brass T-junction pipe is secured
to the front door of the plasma chamber. The pressure gauge is
connected to one end of the T-junction pipe and a valve to the
other. The valve is used to control the pressure inside the
plasma chamber during operation.

4. A scalpel, N2 spray gun, tape, punches, lint-free tissue wipes,
IPA, and glass slides are kept close by to aid in PDMS device
fabrication.

3.2.2 PDMS Fabrication

Methods

1. Place the wafer in a petri dish, and fill it with 20–25 g of PDMS
pre-polymer base–curing agent mixture. The PDMS should be
mixed at a 10:1 (w/w) ratio of base to curing agent until it has a
milky, opaque appearance.

2. Pour the PDMS into the petri dish over the wafer and degas in
a vacuum chamber for at least 30 min or until PDMS is trans-
parent and no bubbles remain.

3. Place in a 65 �C to cure for at least 4 h.

4. Once cured, cut out the desired number of devices with a
surgical scalpel or similarly sharp blade, cutting around the
devices to not ruin any of the SU-8 features.

5. With tweezers, pull up a corner of the cut section and begin to
peel off the PDMS device.

Fig. 4 Photograph of plasma chamber setup
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6. Use the biopsy punch to produce holes for the fluid inlets and
outlets. Inlets are labeled in Fig. 1 and can be seen as the large
circles in the transparency mask (Fig. 3). An outlet hole should
be punched at the end of the straight channel labeled “To
Collection Outlet” in Fig. 1.

7. Clean off any excess dust using scotch tape and an N2 spray
gun.

8. Place the device, channel side up, inside the plasma chamber.

9. Clean a glass slide with IPA (wipe with tissue and spray clean
with N2)

10. Place cleaned slide in plasma chamber.

11. Close plasma chamber and seal valve. Turn on pump and allow
to pump down past 300 mTorr. Adjust valve to maintain
pressure at 300 mTorr. Turn on plasma.

12. Treat device in air plasma for 60–90 s (device has a surface area
slight smaller than glass slide. Larger devices require longer
treatment times).

13. After the set time has passed, turn off the plasma, then the
pump, and remove device once pressure has equalized.

14. Immediately place the device, channel side down, on the sur-
face of the glass slide that has been exposed to the plasma. Push
out any air bubble by pressing down with tweezers or similar
object. The air plasma removes the methyl groups from the
PDMS surface and replaces them with silanol (SiOH) groups
(rendering the surface hydrophilic). The silanol groups will
form a covalent bond with the silica (SiO2) groups on the
glass slide to form a siloxane (Si-O-Si) bond, permanently
sealing the PDMS to the glass slide [50].

3.3 Surface

Treatment

Since PDMS is naturally hydrophobic, to successfully form W/O/
W double emulsions, the channel carrying the continuous phase
must be hydrophilic to ensure that the oil phase does not interact
with the walls of the device. To accomplish this, the walls of the
continuous phase channel are treated with a 0.4% (w/w) solution of
PVA, as described by Teh et al. [49]. The setup can be seen in Fig. 5.

1. Connect the outlet of the device to a vacuum line.

2. Place 5–10 μl of a 0.4% (w/w) solution of PVA into the
continuous phase inlet.

3. After 15–30 s place 5–10 μl of a 0.1%(w/w) solution of PVA
into the continuous phase inlet. This step is to clean any excess
PVA that may have accumulated in the droplet generation
region.

4. Leave the device connected to the vacuum for at least 2 min.

5. Repeat steps 1–4 for other devices on the chip.
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6. Place the device in a 120 �C oven for at least 12 h.

7. Devices can be stored at room temperature in a dry environ-
ment for up to a year before use.

Generally, five devices are prepared at a given time so that
backup devices are ready in case a leak or other imperfection pre-
vents proper functioning during an experiment. Devices can also be
made in bulk and kept in reserve for later use (approx.
6–12 months). Five devices can take approximately 30 min to
bond and surface treat, and given the PDMS curing time of 4 h,
up to 30 devices can be fabricated in a single working day.

Fig. 5 Photograph of setup for PVA treatment. Place PVA solution at the inlet of the external phase channel with
the vacuum applied to the outlet

Fig. 6 Schematic diagram of experimental setup
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3.4 Double Emulsion

Production

Experimental Setup.
A schematic of the experimental setup is shown in Fig. 6. The

device is viewed on an inverted microscope via a high-speed camera
connected to the side port, and the pressure of the inlet fluids is
controlled via an SMC pressure regulator. The regulator obtains air
from a house air source, and is controlled via a Labview VI. Two
DAQs are used to interface the LabVIEW VI with the four pressure
lines of the SMC regulator. The input line of the fluid reservoirs
(Fig. 7) are connected to one of the four available pressure lines,
with the output line inserted into the appropriate channel of the
device.

1. Connect internal, oil, and external phase solutions to proper
inlets in device (refer to Fig. 1). Tubing of fluid reservoirs
(Fig. 7) should be primed before connection to device.

2. Connect the pressure lines of the fluid reservoirs to the pressure
lines of the SMC regulators.

3. Run a pressure of 2 psi to each line until all fluids meet at the
droplet generation junction.

4. Lower the pressure of the oil line to 1.5 psi, and lower the
internal phase line to 0.5 psi or until it retreats from the droplet
formation region.

5. Increase the pressure of the internal phase line slightly to rein-
troduce it to the droplet formation region, sheathed by the oil
phase and not interacting with the walls of the device (Fig. 8).

6. Varying the internal phase pressure allows larger variations in
droplet diameter while variations in the external phase pressure
allow for more subtle variations (Fig. 9). Shell size variations
and multiple internal droplets can be achieved by further
increasing the oil phase pressure (data not shown).

23G Needle in
Tubing

Fluid
Out

Sealant (Glue
or Epoxy)

Pressure
Line Air In)

Fig. 7 Image of fluid reservoir tube
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Table 1
Size distribution for select double emulsion diameters

Intended diameter (μm) Actual diameter (μm)

10 9.0 � 0.6

15 14.9 � 0.5

20 21.4 � 0.5

30 30.9 � 0.6

Fig. 8 Correction procedure for wetting of internal phase. (Left-to-right) Image of internal phase breaking through
oil phase, decrease internal phase pressure, reintroduce internal phase, and droplet production reinitiates

Fig. 9 Characterization of device using a pressure source for each fluid phase. Values in the legend represent
the pressure of the external phase. The pressure of the oil phase was varied from 0.8–1.0 psi to maintain
stable double emulsion production

Table 2
Double emulsion population count over the course of 8 months in storage
solution at room temperature. (p ¼ 0.0926, 1-way ANOVA)

Time (months) Concentration (particles/ml) � 106

0 1.42 � 0.10

2 1.37 � 0.06

4 1.32 � 0.09

8 1.27 � 0.16



7. Collect and store double emulsions in excess storage solution
(method 1) or excess external solution (method 2) at room
temperature.

8. The double emulsions are highly monodisperse (Table 1) and
can be stored for at least 8 months (Table 2).

3.5 Formation of

Vesicles

3.5.1 Method 1

(a) To form the vesicles, dilute the double emulsion solution in
PBS at a 1:5 ratio or greater. Double emulsions should begin to
form lipid vesicles within 1 min (Fig. 10).

3.5.2 Method 2 (a) Store the double emulsions in excess external solution (14%
ETOH) to extract the oleic acid from the double emulsion
shell.

(b) The extraction process will take approximately 15 h. Leave the
double emulsions at room temperature overnight. Please refer
to [49] for further information on this process.

During production, components of a biosensing reaction can
be encapsulated within the double emulsion, while membrane
proteins or pores can be introduced once the vesicles are formed
through nano-vesicle fusion techniques [52, 53]. Membrane com-
ponents that spontaneously insert into lipid bilayers can simply be
placed in solution with the fully formed vesicles or included within
the internal phase during double emulsion production.

3.6 Insert Membrane

Protein Pore

1. Use a 7:3 molar ratio of DOPC:DOPG (1,2-dioleoyl-sn-gly-
cero-3-phospho-(10-rac-glycerol), Avanti Polar Lipids) in the
middle solution (Subheading 2.5, item 2) to generate the

Fig. 10 Phase contrast image of a population of vesicles after dewetting. The
bright structures within or to the side of the larger round structures (vesicles) are
the oil “caps”
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vesicles. Include 100 μM of the pH sensitive fluorescent probe
fluorescein (Fluka, MW ¼ 33.32) in internal phase to verify
pore formation.

2. Following dewetting in PBS, mix with 4.5 μM melittin in PBS
and incubate for 30 min. A subset of the vesicle population
should act as a control, and should not be exposed to melittin.

Melittin, the major toxin found in bee venom, is an antimicro-
bial peptide that forms nonspecific pores in lipid bilayers [54]. Since
vesicles are able to encapsulate a large variety of species that can be
used in biosensors, such as ions, small organic molecules, biological
macromolecules, and nanoparticles, pore-forming toxins can create
a pore to let analyte(s) permeate into the vesicles for detection [55].
α-hemolysin (αHL), a bacterial pore-forming toxin, is another
popular choices due to its self-assembling capability to form
1.4 nm transbilayer channels [56].

Melittin insertion can be verified via a pH sensitive fluorescent
dye. The internal phase of the vesicles do not include any buffer,
making the interior slightly acidic. Fluorescein demonstrates weak
fluorescence in acidic solutions, but fluoresces brightly when the
pH ¼ 7. When melittin inserts into the bilayer, PBS is allowed to
enter and neutralize the vesicle interior, resulting in increased
brightness. After 30 min of incubation in our test, the control
sample had a mean pixel intensity of (8.6 � 1.9) � 105 a.u (arbi-
trary units) while the sample exposed to melittin showed a mean
pixel intensity of (25 � 5.3) � 105 a.u. (p < 0.01,N ¼ 16, Student
T-Test).

3.7 Integration of

Sensing Element onto

Vesicles

3.7.1 Method 1

(Covalently Bonded Amine

Reaction)

(a) Prepare the vesicles using a 10% molar ratio of DSPE-PEG
(2000) Cyanur (Avanti Polar Lipids) to DOPC in the middle
solution (Subheading 2.5, item 2) according to the steps in
Subheading 3.4.

(b) Disperse vesicles into phosphate buffer (40 mM, pH 8.3) and
add 0.2 M protein for overnight.

(c) Wash with PBS three times to remove unbound protein.

Proteins are covalently coupled to the vesicles via amine-
reactive cyanur-groups, either directly to the vesicle surface using
cyanuric chloride-activated DSPE (cyanur-DSPE) or to the distal
ends of PEG-spacers using activated cyanur-PEG2000-PE(Cyanur
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[cyanur
(polyethylene glycol)-2000] (ammonium salt)) (Fig. 11) [57, 58].
Cyanuric chloride at the PEG terminus functions to link peptides,
antibodies and other amine-containing biomolecules or nanoparti-
cles via a nucleophilic substitution reaction under basic conditions.
Antibodies or other proteins can be conjugated without any previ-
ous derivatization. In this study, we used fluorescent IgG-FITC
(Jackson ImmunoResearch) as a model protein to ensure successful
conjugation (Fig. 12). For sensing purposes, the protein or
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antibody orientation can also be an important issue. If the N-
terminus of an antibody is correlated with the binding part of
antigen [59], Protein A (Sigma-Aldrich) could be used to ensure
proper orientation, as it specifically binds with the Fc domain of
antibodies, leaving the antigen binding region exposed and facing
away from the vesicle surface for optimal antigen capture [35].

3.7.2 Method

2 (Biotin–Avidin

Interaction)

(a) Prepare the vesicles using a 1–10% molar ratio biotinylated
lipid (DSPE-PEG(2000) Biotin, Avanti Polar Lipids) to
DOPC in the middle solution (Subheading 2.5, item 2)
according to the steps in Subheading 3.4. Add avidin and the
biotinylated protein/antibody into PBS at a molar ratio deter-
mined by the number of binding sites you wish to occupy on
the avidin. Since one binding site on the avidin will be used to
attach to the vesicle surface, the ratio of avidin to available
binding sites should be 1:1. The molar ratio of avidin to
biotinylated antibody can vary from 1:1, 1:2, or 1:3. Incubate
the mixture at room temperature for 15 min. Equation 1 can
be used to estimate the moles of avidin required (DOPC
Headgroup Area � 72 Å2 [60]):

Fig. 12 Image of the vesicle conjugated with IgG-FITC

Fig. 11 Structure of DSPE-PEG(2000) Cyanur
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(b) Disperse vesicles into the PBS solution used in step 2.

(c) Wash with PBS three times to remove unbound protein/
antibodies.

The biotin–avidin interaction is high affinity, irreversible
[61, 62], and has been demonstrated successfully to functionalized
vesicle membranes and lipid surfaces [63–65]. Labeling proteins
with biotin and using biotinylated lipids can link these two compo-
nents irreversibly with avidin in a sandwiched structure. With the
biotin–avidin interaction, antibodies with a biotinylated Fc domain
can be conjugated to the vesicle membrane with the binding site
oriented away from the surface.

4 Notes

1. The ability to encapsulate a high concentration of signaling
molecules into vesicles via microfluidic droplet production is
also advantageous to amplify binding events in an immunoas-
say. For example, Damhorst et al. [35] demonstrated the use of
vesicles as proof-of-concept ion-release vehicles for an imped-
ance sensor to measure HIV viral load in spiked samples of a
lower conductivity buffer solution. To accomplish this, a
PDMS flow-through device is bonded on a glass slide with
integrated gold electrodes. Anti-gp120, which binds to
gp120 on the HIV envelope, is immobilized to the surface of
the microfluidic device, and caught HIV particles as they flo-
wed through. After washing, anti-gp120 functionalized vesi-
cles encapsulated with 10� PBS are passed through the device
and bind to the viral particles in a sandwiched fashion. Heating
the mixture lysed the vesicles and released the encapsulated
ions, dramatically decreasing the impedance of the solution.
The normalized impedance change in solution after 200 s, and
the maximum change in impedance within that time, can both
correlated to vesicle concentration, which in turn could theo-
retically be used to quantify viral load. The biorecognition
element could also easily be changed to detect a variety of
different analytes or pathogens.

Eq. 1 Estimation of moles of avidin to add to biotinylated vesicle solution
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Improved correlation between impedance change and ves-
icle concentration can be achieved by using a homogeneous
vesicle population and more efficient encapsulation methods,
which are not possible using standard bulk methods of vesicle
generation [49]. Employing microfluidic methods of vesicle
generation can help further improve this assay by ensuring
consistent ion release from each vesicle. Alternative assays that
utilize different types of reporter molecules and biorecognition
elements [36–40] could also benefit from the monodispersity
and encapsulation efficiency of microfluidic droplet produc-
tion. Furthermore, many laboratories and institutions that spe-
cialize in such assays, are not proficient in the microfluidic
production of vesicles, and would need them shipped from a
source that could produce them. Given the short-shelf life
of cell-sized vesicles, much of the population may be lost
during shipment or compromised if the vesicles are freeze
dried. With the method presented here, the highly stable dou-
ble emulsions can be converted to vesicles upon arrival to their
destination or ordered in bulk and stored until ready for use so
that investigators have a steady supply of homogenous vesicles.

2. The utility of the described vesicle production method is the
high encapsulation efficiency, monodispersity, and long-
shelf life. A large concentration of a signal marker, such as
ions or fluorescent molecules, or enzymatic reaction compo-
nents, can be encapsulated in the double emulsions during
production. When ready for use, the double emulsions can be
converted into vesicles and have their surface functionalized
with a biorecognition element or have a protein channel
inserted in the membrane to allow access to internal reaction
components. For example, Vamvakaki et al. [1] devised an
elegant detection scheme to measure very small amounts
(10�10 M) of the organophosphorus pesticides dichlorvos
and paraoxon using vesicle biosensors that contained
encapsulated acetylcholinesterase (AChE) and the membrane
protein channel OmpF porin (Protein F). Protein F is a channel
forming protein naturally found in E. coli that allows nonspe-
cific passage of small molecules (<600 Da) through the mem-
brane [66]. AChE works by hydrolyzing acetylcholine that has
entered the vesicle interior via the Protein F channels, produc-
ing choline and acetic acid. Acetic acid decreases the pH in the
vesicle interior, which is monitored with the co-encapsula-
tion of the pH sensitive fluorescent dye pyranine. Pyranine
fluoresces brightly at low pH, and dims as the pH approaches
neutral. Pesticides present in a sample pass through Protein F
channels into the vesicle interior and irreversibly inhibit the
activity of AChE, discouraging a drop in pH and resulting in
a lower signal. The intensity of the fluorescent signal is corre-
lated to the concentration of pesticide in solution, from a range
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of 10�4 – 10�12 M. The detection range is promising for
measuring the amount pesticides present in contaminated
drinking water.
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