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Sedimentation-Based Confinement of Individual Giant
Unilamellar Vesicles in Microchamber Arrays with a
Dynamically Exchangeable Outer Medium

Syed Kaabir Ali, Catherine Sella, Vadim Dilhas, Barbara Jacková, Marina Mariconti,
Clara Gomez-Cruz, Laurent Thouin, Mathieu Morel, Damien Baigl, and Ayako Yamada*

Giant unilamellar vesicles (GUVs) are an ideal model to study cellular
membrane functions in vitro, yet difficult to manipulate due to their fragile
nature, especially when subjected to dynamic change of their external
microenvironment. Here, an original microfluidic concept is introduced for
constraint-free confinement of individual GUVs in microchambers with a
dynamically exchangeable outer medium. GUVs self-confine in an array of
laterally separated microchambers by sedimentation, avoiding any mechanical
constraint while allowing diffusion-based exchange of the outer medium via
a microfluidic channel and time-resolved microscopy observation. The
geometric and flow parameters optimizing medium exchange while
preventing GUV from lifting out are numerically established. Different
aqueous solutions separated by air plugs can be flowed into the channel by
taking advantage of a polydimethylsiloxane-based hydrophilic channel wall.
The possibility to manipulate microliter sample volumes for in situ
observation of protein cell-free expression is also exploited. It is found that
the membrane-targeting sequence of Bacillus subtilis MinD binds to GUVs
and induces extensive membrane tubulation. This technically simple method
offers a robust way to confine GUVs and dynamically control their outer
medium, thus constituting an ideal platform to study the spatio-temporal
response of reconstituted membranes and/or synthetic cell studies subjected
to dynamic micro-environments.

1. Introduction

Giant unilamellar vesicle (GUV), a cell-sized closed phospho-
lipid bilayer membrane, has been extensively exploited as both
synthetic cells and in vitro models of cell and cell organelle
membranes.[1–4] GUVs are manipulable individually by mi-
cropipette under precise control of membrane tension, which en-
ables, for example, characterizing physicochemical properties of
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the membrane via submicron-diameter
membrane tubes pulled out from a GUV
for several tens of microns.[5–7] Their de-
formability, in turn, makes them diffi-
cult to handle in a high throughput man-
ner, in particular, with changes of their
environment. In this context, microflu-
idics technology has been employed to
capture a large number of GUVs us-
ing microstructures.[8–12] For instance,
an elaborate system has been developed
by T. Robinson, et al.[8] where individ-
ual GUVs were captured hydrodynami-
cally in a micropocket[13] inside an iso-
lating chamber, which can be opened
and closed for medium exchange. The
hydrodynamic traps were combined in
the work of Y. Kazayama et al. with de-
terministic lateral displacement[14] for a
high selectivity of trapped GUVs.[9] In
both cases, GUVs are in contact with the
micropocket walls, which in some cases
can be an obstacle to assess the behavior
of a free GUV membrane. Besides, deli-
cate control of flows is required to keep
the hydrodynamic trapping. Interest-
ingly, K. A. Ganzinger et al. took advan-
tage of the mechanical constraint of the

micropockets to strongly deform GUVs.[10] The common point
in all these works is a necessary mechanical constraint by solid
walls on the GUVs and limited external medium exchange pos-
sibilities, resulting in efficient trapping yet difficulty to study the
behavior of free, unconstrained membranes, especially in a dy-
namic microenvironment. We reported an alternative where mi-
crowells etched on the ceiling of a microfluidic channel were used
to trap and release GUVs by elastic energy gradient.[11] In this
configuration, free GUV membranes can be assessed while be-
ing trapped. However, the system is sensitive to the membrane
tension of GUVs and thus not suitable for assays accompanied
by GUV deflation. In contrast with the above mentioned devices
that aim at trapping single GUVs, N. Yandrapalli, et al. proposed
a strategy to confine large assemblies of GUVs in cages of mi-
cropillars with the possibility of solution exchanges.[12] While
this device allows the observation of a large number of GUVs at
once, GUVs are highly packed in the cage resulting in highly con-
strained membranes.
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Herein, we introduce a microfluidic concept, in which a large
number of individual GUVs self-confine by sedimentation in mi-
crowells covered with channels allowing exchanges of their outer
medium. The thin bottom layer of the microwells allows dynamic
microscopy observations of GUVs, with no contact with the lat-
eral walls and free from mechanical constraint, at a high mag-
nification. A water reservoir placed closely above the channels
prevents evaporation through the channel wall during hours, al-
lowing long-term biochemical reactions such as gene expression
at 37 °C.[15]

Microwells have been widely used to capture single cells
for more than a decade[16,17] besides other microfluidic tech-
niques developed for cell or particle trapping.[18] Owing to the
higher density compared to GUVs and the monodispersity of
cells, microwells can achieve a remarkably high cell trapping
efficiency.[16,17] Microwells can also be used to form and culture
micro-tissues such as spheroids,[19] or to reconstitute cellular ar-
chitecture in vitro.[20,21] Overall, despite their broad demonstrated
applicability for cell or particle trapping and exchange medium
capability, to our knowledge, there is no demonstrated example
of efficient GUV trapping in microwell arrays. Moreover, various
materials, such as polydimethylsiloxane (PDMS), polystyrene,
hydrogels, or UV-curable resins have been used for microwells
and we feel it is also interesting to explore alternative materi-
als that could combine easy fabrication and good optical perfor-
mance for microscopy characterization. In this study, we thus not
only propose a concept of microwell array allowing efficient GUV
trapping but also establish a simpler fabrication protocol involv-
ing a photoresist that was not explored so far and that is advan-
tageously devoid of any autofluorescence emission, both under
visible and UV light excitation.

To enable sequential exchanges of the outer medium of GUVs
in a small volume, while keeping the device immobile on a mi-
croscopy stage, air plugs can be used to separate different solu-
tions in single tubing connected to a pump.[22,23] However, due
to the hydrophobic nature of conventional microfluidic channel
surfaces, e.g. PDMS, introduction of air in a channel is usually
undesired since it leaves air bubbles pinned at the channel sur-
face. A smart solution to turn PDMS into a hydrophilic surface
has been proposed recently by Gokaltun, et al., and consisted in
adding a block copolymer of dimethylsiloxane and ethylene ox-
ide to PDMS.[24] By combining those methodologies, we demon-
strate that the outer medium of GUVs can be exchanged mul-
tiple times in our device under microscopy observation. More-
over, a volume of the outer medium as small as 10 μL being
required, the device is advantageous for biochemical assays tar-
geting model membranes with precious reagents. During the
medium exchange, however, GUVs tend to escape from shallow
microwells due to a lift force induced by the medium flow above
the microwells. To find an optimal range of well depth and flow
velocity, numerical simulations have been performed following
the strategy used in the study on spheroid trapping in microw-
ells by Rousset, et al.[25]

Lastly, the applicability of our device to in situ biochemical re-
actions in the presence of GUVs is investigated. As a proof of
concept, a cell-free gene expression has been performed, which
is challenging because of the high osmolality of the medium and
hours of incubation process at 37 °C. A membrane-targeting se-
quence of Bacillus subtilis MinD, bsMTS, is expressed using the

cell-free system in the presence of GUVs and is allowed to inter-
act with their membrane. We demonstrate that YFP-conjugated
bsMTS is successfully expressed in the device in the presence
of GUVs and binds to the bilayer membrane containing a neg-
atively charged lipid. Moreover, spontaneous membrane tubula-
tion from the GUVs occurs upon the expression of YFP-bsMTS.

2. Results and Discussion

2.1. Microfluidic Device Characterization

As illustrated in Figure 1a, a thin photoresist layer with microw-
ells was covered by a PDMS layer containing a microfluidic cir-
cuit consisting here in two parallel straight channels. To avoid
evaporation through PDMS, a water reservoir was added in the
vicinity of the channels, covering most of the channel areas ex-
cept their extremities.[15] A photograph of the assembled mi-
crofluidic device is shown in Figure 1b. The microwells had a
diameter of 40 μm and were distributed at 40 μm intervals, cover-
ing an area of 15 mm × 25 mm as illustrated in Figure S1a (Sup-
porting Information). The two channels were designed to have
a width and a length of 3 mm and 2 cm, respectively, smoothly
connected to their inlets and outlets as depicted in Figure S1b
(Supporting Information). Each channel covered ca. 1.1× 104 mi-
crowells. The final depths of the microwells were smaller than
the thickness of the original photoresist dry films used for a mas-
ter mold fabrication due to compression during dry film lam-
ination and PDMS mold replication processes: the wells fabri-
cated with 50- and 100 μm-thick films had a depth of 43.0 ± 0.2
and 91.5 ± 0.1 μm, respectively. The channels fabricated from
50- and 100 μm-thick films had a final height of 46.3 ± 0.4 and
100.7 ± 3.2 μm, respectively, corresponding to channel volume
of 3.1 and 6.8 μL, respectively. As described in Supporting Infor-
mation, microwells were fabricated in OrmoStamp photoresist
by soft lithography directly on a thin cover glass slide. Although
a thin layer of the photoresist was remaining at the bottom of the
microwells, its thickness, 6.5 ± 5.2 μm, was small enough to al-
low high-magnification microscopy observations of GUVs inside
the microwells. It is worth noting that the microwell layer can be
fabricated rapidly in less than 20 min once a PDMS mold is ob-
tained, and that OrmoStamp was selected as the material for the
microwells among other UV-sensitive resins because of its low
autofluorescence both under visible and UV light excitation.

2.2. GUV Trapping

GUVs formed by electroformation[26,27] in a sucrose solution
were introduced in the microfluidic device and let to sediment
in a 1:1 (v/v) mixture of sucrose and glucose solution at the same
osmolality. To avoid the bursting of GUVs, the channel and mi-
crowell surfaces were coated with 0.5% (w/v) 𝛽-casein or 5% (w/v)
bovine serum albumin in phosphate-buffered saline (PBS), and
the osmolalities of the sucrose solution and the outer medium
were carefully adjusted as described in Supporting Information.
Due to the density difference, GUVs sedimented at the bottom of
the channel, and some of them further fell into the microwells,
leading to spontaneous GUV confinement in laterally isolated
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Figure 1. a) Schematic illustration of the microfluidic device composed of a microwell layer on a glass cover slide, and channel and water reservoir
layers made of PDMS. b) Photograph of the device. The size of the glass cover slide is 24 mm × 50 mm. c) GUVs were introduced in the channels and
settled in the microwells by sedimentation. The medium outside GUVs was replaced while the GUVs were trapped in the microwells. d) Merged picture
of a fluorescence microscopy image of GUVs (red) and a phase-contrast image of 43 μm-deep microwells (grey). Separate images of each channel are
shown in Figure S2 (Supporting Information).

microchambers with an open ceiling for medium exchange. The
GUVs that remained outside the wells were carried away upon
fluid exchange as depicted in Figure 1c. Figure 1d and Figure
S2 (Supporting Information) show a representative images of
GUVs composed of L-𝛼-phosphatidylcholine from chicken egg
(EPC) and a fluorescent lipid, Texas Red 1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine (Texas Red DHPE), trapped in
the microwells after the channel was rinsed with a solution with-
out GUV. It shows that, after their sedimentation in the wells,
the GUVs remained confined during the medium replacement
in the upper microfluidic channels.

To estimate the necessary time for GUVs to sediment in the
microwells, an evaluation following an approximation made by
Haberman et al. was employed.[25,28] The terminal velocity U of
a sphere with a radius r moving in a still medium in an infinite
cylinder with a radius R can be described as

U = 2∕9 × r2g
(
𝜌o − 𝜌i

)
(1 + 𝜎) ∕𝜇K(1 + 2𝜎∕3) (1)

where g is gravitational constant, 𝜌o and 𝜌i are the densities of
the outer and inner medium of the sphere, respectively, 𝜎 is the
viscosity ratio of the outer to the inner medium, μ is dynamic
viscosity of the outer medium, and K is a wall correction fac-
tor, which is a function of 𝜎 and 𝛿 = r/R.[28] Viscosities of 1:1
(v/v) mixture of sucrose and glucose solutions with an osmolal-
ity of 300 mOsm kg−1 H2O used for most of the experiments
and 1.72 Osm kg−1 H2O used for the cell-free gene expression
experiments were measured as 1.18 and 5.19 mPa s, respectively.
The former was used for the following calculation together with
𝜌o and 𝜌i for 300 mOsm kg−1 H2O mediums, 1.030 × 103 kg
m−3 and 1.037 × 103 kg m−3, respectively. Although lipid bi-
layer membranes in disordered phases are fluidic with certain
viscosities,[29–33] when a GUV sediments vertically, there is no
membrane flow due to the axial symmetry that prevents circula-
tion of lipids in the membrane.[34] We thus assume 𝜎 = 0, which
gives[28]

U = 2∕9 × r2g
(
𝜌o − 𝜌i

)
∕𝜇K (2)

and

K =
(
1 − 0.75857𝛿5) ∕

(
1 − 2.1050𝛿 + 2.0865𝛿3 − 1.7068𝛿5 + 0.72603𝛿6) (3)

The graph in Figure 2a shows the value of U plotted against
GUV diameter, 2r, while the microwell diameter, 2R, is fixed to
40 μm and μ = 1.2 (magenta). For a comparison, the result when
a GUV sediments in a still infinite medium, i.e. K = 1, is shown
in green. In Figure 2b, the time necessary for a GUV to sediment
for 40 μm in a 40 μm-diameter infinitely long cylinder, T40 μm, is
plotted against GUV diameter in magenta, together with the case
K = 1 in green. It shows that, for both configurations, all GUVs
with a diameter larger than 2.2 μm sediment in less than 10 min
(blue line). After introduction in a channel, GUVs were thus al-
lowed to sediment for 10 min in a still medium, and this process
was repeated twice. The size distribution of GUVs right after the
electroformation, with an average diameter of 4.4 ± 6.1 μm (n =
2984), is shown in magenta in Figure 3a. Interestingly, the peak
of the size distribution of GUVs after trapping is shifted toward
greater values as shown in yellow in Figure 3a, with an average
diameter of 8.5 ± 5.6 μm (n = 1471). Due to a longer time nec-
essary for small GUVs to sediment into microwells, GUVs with
a diameter of a few μm can be excluded, in agreement with the
result shown in Figure 2b, thus causing the shift.

The number of GUVs with a diameter larger than 3 μm
trapped per single microwell was also investigated. As shown in
Figure 3b, a majority of the wells contained either 0 or 1 GUV.
The distribution was reproducibly observed in 3 independent ex-
periments and followed a Poisson distribution with as a mean
number of GUV per well 𝜆 = 0.40 ± 0.16, as indicated with black
dots. The average GUV density of the solution introduced in the
channel was 8.9 ± 3.0∙103 μL−1. The number of trapped GUVs is
affected by the initial GUV density since only GUVs positioned
above microwell area can sediment into the microwells. Figure
S3 in Supporting Information shows a fluorescence microscopy
image of an initial GUV solution introduced in a 46.3 μm-high
channel without microwells taken 10 min after the introduction
(left), and a merged image of fluorescence and phase-contrast
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Figure 2. a) Terminal velocities U of a GUV sedimenting in a 40 μm-diameter cylinder (magenta) and in an infinite medium (green) are plotted against
GUV diameter. The right panel shows an enlarged view of the magenta curve. b) Times necessary for a GUV to sediment for a distance of 40 μm in a
40 μm-diameter cylinder (magenta) and in an infinite medium (green) are plotted against GUV diameter. Ten minutes (blue line) is enough for a majority
of GUVs to sediment for 40 μm in the cylinder.

microscopy of the same solution after trapping operation, i.e.,
three times of 10 min GUV sedimentation and a rinse (right).
The initial GUV density 𝛿GUV was measured using the channel
without microwells, and the number of GUVs per microwell was
counted after trapping GUVs from the same solution. Individual
data of the three independent experiments can be found in Figure
S4 in Supporting Information and show that 𝜆 increases with an
increase in 𝛿GUV (Figure S5, Supporting information). Given the
low density of GUVs, we assume that all the GUVs larger than
3 μm placed above a microwell sediment and become trapped in
the microwell, without being repelled due to lack of space. Based
on this assumption, the theoretical value of 𝜆theo taken as the av-
erage number of GUVs above each well after three fillings, can
be written as 𝜆theo = 3𝛿GUV · H · 𝜋R2 where H and R are the
channel height and microwell radius, respectively. Although 𝜆 is

Figure 3. a) Size distribution of GUVs before (magenta) and after trapping
(yellow). b) Percentage of microwells containing 0, 1, 2, 3, or 4 trapped
GUVs averaged over 3 independent experiments (n = 3256, 6042, 5598 mi-
crowells). The black dots connected by a solid line represent the expected
probability of trapping 0 to 4 GUVs given by the Poisson distribution with
a mean number of GUV per well, 𝜆 = 0.40 ± 0.16. Error bars represent
standard deviation.

systematically lower than 𝜆theo, probably due to some loss by GUV
lifting (see below), we note that 𝜆 and 𝜆theo are of the same order
of magnitude and follow the same 𝛿GUV dependence (Figure S5).
This shows that, obeying a Poisson law the distribution at each
filling step, the number of GUV can be predicted and controlled
by adjusting the GUV density and the number of filling steps.

2.3. Molecular Diffusion in the Microwells Upon Medium
Exchange

To estimate the necessary time to replace the medium in the mi-
crowells, we analyzed the molecular diffusion dynamics upon
medium exchange in the absence of trapped GUVs. 10 μm flu-
orescein in PBS was first introduced in a 46.3 μm-high chan-
nel, then PBS without fluorescein was subsequently flowed
by a micro-peristaltic pump under microscopy observation.
Figure 4a shows a series of fluorescence microscopy images
taken at the edge (top) and center (bottom) of the channel at dif-
ferent time points. The flow velocity at the center of the chan-
nel induced by the peristaltic pump was measured as 6.49 ±
1.02 mm s−1 by tracking fluorescently labeled GUVs flowing in
the channel in a separate experiment. Note that this flow ve-
locity corresponds to ca. 0.90 μL s−1, which is also compara-
ble to gentle manual injection of medium to the device by mi-
cropipette. The fluorescence intensities in microwells at differ-
ent positions were measured and plotted in Figure 4b for the
microwells with two different depths. The distance between the
microwell center and the channel edge is indicated with the
color code on the right. The fluorescence decreases rapidly in
particular at the channel center (black curves) as expected in a
laminar flow due to a maximal linear flow velocity at the cen-
ter of the channel. The results demonstrate that a few tens of
seconds is enough to replace small molecules such as fluores-
cein in the microwells. The fluctuation in the curves is due to
the fluctuation of flow velocity created by the peristaltic pump.
Despite this issue, the peristaltic micro-pump is advantageous
compared to a syringe pump or a pressure pump, since it can
be directly placed on the microscopy stage closely connected to
the device, and its flow rate as well as flow direction can be
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Figure 4. a) Fluorescence microscopy images of microwells at the edge of a channel (top) and at the center of the channel (bottom) at different time
points underflow. The channel was initially filled with a fluorescein solution prior to the introduction at t = 0 of a non-fluorescent solution at a flow rate
of ca. 0.90 μL s-1. b) Fluorescence intensities normalized by maximum values at t = 0 in the microwell areas plotted against time. The distance between
the microwell center and the channel edge is indicated by the color code on the right.

easily controlled, allowing us to control fluids swiftly without
looking away from the device.

2.4. Sequential Medium Exchange with Air Plugs

Next, the possibility of sequentially introduce different mediums
to the device with GUVs inside the microwells was investigated.
To separate different solutions, ca. 10 μL air plugs were inserted
between 10 μL of the solutions in a tubing connected to the peri-
staltic pump, as depicted in Figure 5a.[22,23] Figure 5b shows the
series of microscopy images taken at different steps, where dif-
ferent solutions were sequentially introduced into a 46.3 μm-high

channel as follows. After GUV trapping, PBS (solution 1) was in-
troduced in the channel as shown in the top left panel, where the
fluorescence of GUVs composed of EPC and Texas Red DHPE
is colored in red. Under microscopy observation, the solution
was pushed throughout the channel by micropump, and replaced
with air, leaving the solution 1 inside the microwells as shown in
the upper, second left panel in Figure 5b. Subsequently, 10 μm
fluorescein in PBS (solution 2), PBS (solution 3), and 10 μm flu-
orescein in PBS (solution 4) were introduced with air plugs in
between. The fluorescence of fluorescein is shown in blue in
Figure 5b. When the 43.0 μm-deep wells were used, a part of
GUVs, in particular with a greater size, were lost during this

Figure 5. a) Scheme of the experimental setup. Non-fluorescent and fluorescent solutions, separated by air plugs, were introduced alternately into the
microfluidic device containing GUVs by peristaltic micro-pump. b) Fluorescence microscopy images (GUV and fluorescein in red and blue, respectively)
merged with phase-contrast microscopy images (grey) taken at different steps of the sequential medium exchanges using a microfluidic device with
91.5 μm-deep microwells. White arrowheads indicate the microwells containing GUVs before (top right) and after (bottom right) the medium exchanges,
while a yellow arrowhead indicates a microwell where a GUV was lost during the operation. c) A series of images of an entire 46.3 μm-high channel, in
which blue and red dyes separated by air plugs in a tubing were sequentially flowed by peristaltic micro-pump. Solutions were successfully exchanged
without leaving air bubbles in the channel.
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process as shown in Figure S6 (Supporting Information). This
issue was overcome by increasing the well depth. As shown in
Figure 5b, with 91.5 μm-deep microwells, the majority of GUVs
remained trapped after the sequential medium exchanges as in-
dicated with white arrowheads. Importantly, when pure PDMS
was initially used for the device, some microwells were covered
by air that remained in the channel due to the hydrophobic na-
ture of PDMS and OrmoStamp. To avoid the air pinning, 0.25%
(w/w) of dimethylsiloxane-(60–70% ethylene oxide) block copoly-
mer (PDMS-EtO) was added to PDMS to turn the channel surface
hydrophilic.[24] Therefore, with PDMS-EtO, the air plugs were
smoothly moved throughout a 46.3 μm-high channel, without
leaving air inside the channel as demonstrated in Figure 5c. This
property was also significantly advantageous when the device was
used manually without air plugs. The PDMS-EtO modification
served as an effective preventive measure against the introduc-
tion of air bubbles. Furthermore, undesired air bubbles acciden-
tally introduced in the device could be easily removed by flowing a
solution with micropipette, in direct contrast to traditional PDMS
featuring hydrophobic channel walls, where trapped air bubbles
could potentially inflict damage on the sample and/or alter the
fluid flow.

2.5. Numerical Simulations of Molecular Diffusion and the Lift
Force on GUVs in the Microwells

Next, we evaluated molecular diffusion upon medium exchange
as well as the lift force that made GUVs escape from the microw-
ells in silico using COMSOL Multiphysics 6.0 software. As de-
picted in Figure S7 (Supporting Information), the 3D geometry
of the model included 9 microwells with a depth h and a diame-
ter of 40 μm were positioned at a 40 μm interval at the bottom of
a 300 μm-wide, 46.3 μm-high, and 400 μm-long channel geom-
etry. To calculate the lift force on a GUV in a microwell, a solid
sphere as a model of a GUV with a diameter DGUV was positioned
in the central microwell, at 1 μm distance from the microwell
wall of the upstream side and of the bottom. The left panel in
Figure 6a shows the evolution of average fluorescein concentra-
tion in a microwell with time, as a result of its diffusion from the
well under a constant flow of medium without fluorescein intro-
duced at the channel inlet at a velocity of 6.0 mm s−1. The well
depth was varied as indicated with a color code, while the viscos-
ity μ of the medium was set as 1.0 mPa s. The curves for a depth
of 43.0 (black) and 91.5 μm (red) correspond to the experimental
conditions shown in the left and right panels of Figure 4b with
black lines, respectively. Those curves and the experimental data
are plotted on a same graph in Figure S8 (Supporting Informa-
tion) for direct comparison. The experimental and simulation re-
sults give similar profiles and characteristic exchange times, val-
idating the model used for the simulations and confirming that
fast-diffusing entities can be quickly exchanged in a few tens of
seconds in the system. Another set of parameters was tested to
simulate for a larger molecule in a viscous medium, as is the
case for the cell-free gene expression experiment. For instance,
a large protein involved in the early step of gene expression, T7
polymerase, is 99 kDa, and the viscosity of the sugar solution to
reach the same osmolality as the cell-free system was 5.2 mPa s.
As shown in the right panel in Figure 6a, a longer time is nec-

Figure 6. a) Molecular concentration change in a microwell with different
depths under flow simulated by COMSOL. Results of fluorescein (diffu-
sion coefficient D = 4.3∙10−10 m2 s−1) in water (left) and 99 kDa protein
(D = 6.0∙10−11 m2 s−1) in a viscous medium (right), starting from an ini-
tial concentration of 10 μm and 100 nm, respectively. At t > 0, the same
medium without fluorescein nor protein was introduced at the channel
inlet at an average flow velocity fixed at 6.0 mm s−1. The viscosity μ is indi-
cated for each system. b) Phase diagram plotting the critical flow velocity
at which the lift force equals the gravitational force on a GUV simulated by
COMSOL against the relative GUV diameter compared to the microwell di-
ameter (DGUV/Dwell, Dwell = 40 μm) for different well depths. The viscosity
of the medium was set as 1.0 mPa s.

essary for a large molecule in such a viscous medium to be car-
ried away from the microwell with a large depth. Nonetheless,
the required time falls in a range of a minute, which is negli-
gible compared to characteristic times involved in gene expres-
sion. The micro-scale vertical confinement and the free diffu-
sion allow a fast exchange of the outer medium of the confined
GUVs, ranging from a few seconds for fast-diffusing molecules
to a minute for large proteins. It is worth noting that there is
a slow circulation inside the microwells as shown in Figure S9
(Supporting Information). Next, we established the conditions
for which GUVs remained confined while subjected to a flow in
the upper microfluidic channels. This was done by computing
the lift force Flift exerted on the GUVs by the flow and calculating
the critical flow velocities, at which the lift force Flift on a GUV
equals the gravitational force Fg = 4𝜋r3g(𝜌i − 𝜌o)/3 .[25] Figure 6b
shows the resulting phase diagram, in which each line depicts
the critical flow velocity as a function of the GUV diameter and
for different well depths. Below each line, the colored regions
represent the parameter ranges suitable for GUV trapping under
flow, i.e. Flift ≤ Fg. In a range of typical flow velocity made by the
peristaltic micro-pump or by manual pipetting, i.e. up to several
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Figure 7. a) Scheme of the in situ cell-free gene expression in the presence of GUVs in the microfluidic device. b) Amino acid sequence of YFP-conjugated
bsMTS coded on the plasmid DNA. c) Bright field images showing a microwell containing a GUV (gray), and confocal microscopy images of the GUV
membrane (white), and YFP-bsMTS (yellow) after 3.5 h of gene expression at 37 °C. d) Results of the control experiment performed in the parallel
channel on the same microfluidic device as c) without plasmid.

mm s−1, microwells with a depth of 70 μm or larger can trap
GUVs at a high efficiency. This confirms the experimental results
with 91.5 μm-deep wells shown in Figure 5b.

2.6. Cell-Free Gene Expression of Membrane Binding Protein in
the Presence of GUVs

Finally, we characterized the applicability of this method for syn-
thetic cell investigation, and in particular GUV exposure to bio-

chemical reactions and in-situ response characterization. The
system was applied in particular for in situ cell-free expression of
a membrane-binding protein in the presence of GUVs trapped
in the microwells and observation of the unconstrained mem-
brane response. The cell-free gene expression system is com-
posed of purified components necessary for the gene transcrip-
tion and expression machinery of Escherichia coli.[35,36] Here, fluid
manipulations were done manually by micropipette, which took
ca. 15–20 s for each fluid injection. Since the cell-free gene ex-
pression system is sensitive to dilution, a combination of a larger
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channel height (100.7 ± 3.2 μm) and smaller well depth (43.0
± 0.2 μm) was exploited for a better fluid exchange inside mi-
crowells, even though the GUV trapping efficiency is lower with
shallow wells as shown in Figure 6a (right) and Figure 6b. GUVs
were composed of a 4:1 (mol mol−1) mixture of 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and a negatively charged lipid,
1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DOPG), with
a small fraction of Texas Red DHPE. After GUV sedimentation,
the solution in one channel was replaced with a cell-free gene ex-
pression medium containing a plasmid DNA, nucleotides, amino
acids, and proteins necessary for transcription and translation
machinery, as well as chaperons and disulfide bond enhancers as
illustrated in Figure 7a and detailed in Supporting Information.
The same medium without plasmid DNA was introduced in the
other channel. The plasmid DNA was coding for a membrane-
targeting sequence (MTS) of B. subtilis MinD fused at C-terminus
with PhiYFP (YFP-bsMTS), as its amino acid sequence depicted
in Figure 7b. After the introduction of the cell-free expression
medium, the entire chip was incubated at 37 °C in a humidified
chamber for 3.5 h before confocal microscopy observation. The
fluorescence of the GUV membrane and YFP-bsMTS were ob-
served with excitation wavelengths at 543 and 488 nm, and emis-
sion wavelengths at 599–797 and 518–571 nm, respectively. Sur-
prisingly, a significant number of membrane tubes were formed
from single GUVs as shown in Figure 7c, whereas in the control
channel without plasmid DNA, GUVs kept their spherical shape
after 3.5 h incubation at 37 °C as shown in Figure 7d. Signifi-
cant numbers of membrane tubes were observed on 91 ± 4%
of GUVs in microwells at different areas in the channel (3 inde-
pendent experiments, n = 13, 20, 20). As a comparison, we have
performed YFP-bsMTS expression in the presence of GUVs with-
out trapping, at different volume fractions of GUV solution in
the cell-free expression medium. As shown in Figure S10 (Sup-
porting Information), we have observed a heterogeneous popula-
tion of GUVs interacting differently with the protein, and mem-
brane tube formation was observed on 44± 11% of GUVs only. In
the bulk experiment, the more GUVs are added, the more their
outer medium becomes diluted, leading to a less efficient protein
expression. Moreover, the sample solution cannot be rigorously
mixed due to the fragility of GUVs, which may lead to a hetero-
geneous reaction in the bulk experiment. It is worth noting that
membrane tubes were not spread in a large distance as observed
in microwells, probably due to the shear the GUVs experienced
during the transfer to the observation chamber and sedimenta-
tion in the chamber for a millimetric distance. Those observa-
tions clearly show that not only our system allows to observe dy-
namic membrane response with minimal perturbation (no con-
straint on the membrane) but also demonstrates several advan-
tages over a bulk experiment such as higher control (and purity)
of the outer medium, better reproducibility and less mechanical
perturbations. We also confirmed that in the absence of the nega-
tively charged DOPG, YFP-bsMTS did not bind to the GUV mem-
brane, leaving the GUVs unchanged (data not shown). MinD, to-
gether with MinC, is a key player in the positioning of division
protein at mid-cell in B. subtilis.[37] It has been shown that nega-
tively charged lipid is enriched in a spiral shape along the longitu-
dinal axis of the bacteria and MinD colocalizes with the lipid spi-
ral via its bsMTS that is in a shape of 𝛼-helix.[38] However, bsMTS
or MinD has never been shown to create or favor a positive mem-

brane curvature. Spontaneous membrane tubulation from GUVs
have been observed in different contexts, caused by a local charge
gradient,[39–41] anchoring of amphiphilic molecules,[42] transbi-
layer charged lipid asymmetry,[43] or by asymmetric binding of
proteins.[44,45] Interestingly, Stachowiak et al. demonstrated that
even proteins unrelated to membrane curvature can drive mem-
brane tubulation by protein-protein crowding.[45] Our case, yet to
be investigated further, may fit in this criterion.

3. Conclusion

We have developed a microfluidic device, with a reasonably quick
fabrication protocol and of easy handling, to capture GUVs by
spontaneous sedimentation into microwells at the bottom of
microfluidic channels, covered with a water reservoir to avoid
evaporation through the channel wall. The device allows time-
resolved, high-magnification observation of GUVs under dy-
namic medium changes while avoiding the mechanical con-
straints usually necessary in conventional trapping approach.
The device is compatible with fluorescence microscopy observa-
tion with an excitation at UV or visible wavelength. Optimal con-
ditions of well depths and flow velocity were searched in silico,
supporting our experimental results, and allow designing devices
where GUVs outer medium can be changed in minute time scale.
In situ cell-free gene expression of a membrane binding protein
in the presence of GUVs was successfully performed in the de-
vice, which led to membrane tubulation from the GUVs, demon-
strating advantages over bulk manipulations for reproducible ob-
servation of unconstrained membrane dynamic behavior under
a changing external micro-environment. Easy to use and to adapt
for optimal performance, the device applies to a wide range of bio-
chemical and biophysical assays using GUVs as a model mem-
brane, as well as targeting other microscale objects such as colloid
particles, single cells, and purified cell organelles.[46–49]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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