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Abstract

Giant unilamellar vesicles (GUVs) are considered as the gold standard for assembling artificial 

cells from the bottom-up. In this study, we investigate the behavior of such biomimetic vesicles 

as they are subjected to mechanical compression. A novel microfluidic device is presented that 

comprises a trap to capture GUVs and a micro-stamp that is deflected downwards to mechanically 

compress the trapped vesicle. After characterization of the device, we show that single-phase 

GUVs can be controllably compressed to a high degree of deformation (D = 0.40) depending on 

the pressure applied to the micro-stamp. A permeation assay is implemented to show that vesicle 

bursting is prevented due to water efflux. Next, we mechanically compress GUVs with co-existing 

liquid-ordered and liquid-disordered membrane phases. Upon compression, we observe that the 

normally stable lipid domains reorganize themselves across the surface and fuse into larger 

domains. This phenomenon observed here in a model membrane system not only gives us insights 

into how multi-component membranes of artificial cells behave, but these observations may also 

have interesting consequences for the role of lipid rafts in biological cells that are subjected to 

compressive forces in a natural environment.
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Introduction

In the quest for designing and realizing a fully functional minimal cell, there are two current 

approaches; the more known ‘top-down’ method where organisms are genetically modified, 

and the emerging field of ‘bottom-up’ synthetic biology where artificial cells are built-up 

from non-living components [1,2]. The latter approach has the potential to not only construct 

a minimal cell, but to go beyond our fundamental understanding of how cellular life exists 

as the completely artificial cells can be re-imagined to operate in a new manner not seen in 

nature and are therefore truly synthetic biology. However, suitable candidate materials must 

first be developed and in additional, the tools for handling them. Here we have chosen giant 

unilamellar vesicles (GUVs) as our artificial cells as they are considered the gold standard 

for cell models owning to their similar size to real cells and their membrane biocompatibility 

[3]. As part of normal physiological conditions, cells are subjected to external forces such as 

fluid shear stress osmotic pressure, gravity, surface topologies and mechanical loads.[4–7] It 

is well-known that these biomechanical forces can provoke responses in mechano-sensitive 

cells.[8,9] These can be immediate short term responses such as a change of membrane 
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morphology[10] or membrane receptor activity,[11] but can also be long term effects such as 

cytoskeleton reorganization[7,12,13] or altered gene expression levels.[14]

When a eukaryotic cell is subjected to a mechanical load, the plasma membrane is the 

primary point of contact and the immediate result is a morphological deformation. Such 

prolonged forces may also result in a diffusion-based molecular reorganization (lipids, 

proteins, etc.) which occurs on a slower time-scale. Membrane proteins are a crucial part 

of the cell’s response to external stimuli, and in recent years so called ‘lipid rafts’ have 

been thought to play an important role in their spatial organization.[15–17] In the case of 

cell deformation, lipid rafts may be affected by changes in membrane curvature and surface 

tension which may in turn have consequences for membrane proteins and the resulting 

cellular response. In addition, understanding how membrane curvature couples to lipid 

composition is vital to understanding how cellular organelles are able to form complex 

structures.[18,19] Subjecting cells to mechanical forces is non-trivial, not only due to the 

difficulty in maintaining viability but also due to interpretation of data which may suffer 

interference from unknown sources [5,20]. Synthetic membranes systems such as giant 

unilamellar vesicles (GUVs) offer a reduced cell model, whereby individual membrane 

components can be isolated and studied without interference from the complexity of the 

natural cell. The simplest way to apply a force to a GUV is to unbalance the osmotic 

pressure between the lumen and the external solution. The resulting osmotic gradient can 

swell or deflate a vesicle which can change the membrane tension and therefore induce 

to lipid sorting and morphological changes.[21,22] Micropipette aspiration is a common 

technique used to spatially confine and conduct experiments on single giant vesicles. 

The method can be used to study the miscibility temperature dependence on membrane 

tension,[23] line-tensions,[24] bending moduli,[25] and can be combined with optically 

trapped beads to create membrane nanotubes for investigating membrane curvature.[26] 

Such nanotubes are an effective way of studying curvature driven lipid sorting or curvature 

sensing proteins.[27,28] This can either be performed by introducing membrane proteins to 

pre-existing nanotubes to observe binding[28,29] or by dynamically pulling nanotubes and 

observing the subsequent molecular reorganization.[26,27].

Hydrodynamic shear stress can also be used to deform giant vesicles either by using a 

counter-rotating Couette apparatus,[30] microfluidic channels[31–33] or by passing vesicles 

through channels of different cross-sectional areas.[34,35] Recently, we demonstrated that 

GUVs confined in microfluidic traps can be compressed by hydrodynamic forces.[33] 

However, the degree of deformation which can be achieved using hydrodynamic forces 

is limited and also results in unwanted shear force disruptions to the membrane.

Compression between two parallel plates has the advantage that the vesicle is free to expand 

(at least perpendicular to the applied forces) and as such, any changes to the membrane 

can easily be observed. In the literature, there are few experimental reports on GUVs 

subjected to parallel-plate compression. In 1981, Kwok and Evans investigated the effects 

of compressing large lecithin bilayer vesicles between a micro-pipette and a flat substrate 

to measure membrane thermoelastic properties.[36] Since then, theoretical approaches have 

been used to model liposomes compressed between plates,[37–39] and experimentally a 

tipless cantilever has been implemented by the Janshoff group to measure the mechanical 
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response of GUVs compressed between parallel-plates.[40] Later, the same group used 

an AFM tip to apply indentations in GUVs.[41] Other methods to induce morphological 

changes in giant vesicles include contact induced vesicle deformation,[37,42,43] high-

pressures,[44] dual optical beams,[45–47] optically trapped beads,[48] aqueous wetting,[49] 

light irradiation,[50–52] magnetic fields[53] and electric fields.[54–56]

Here, we report a microfluidic device with a novel integrated micro-stamp that is able to 

controllably compress and deform GUVs - a model cell system. First, we characterize the 

deflection of the micro-stamp as a function of externally applied pressure. Next, we apply 

the micro-stamp to pure 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipid GUVs to 

demonstrate the capability of the device to capture single vesicles and deform them. Finally, 

we introduce GUVs consisting of a ternary mixture of sphingomyelin (SM), DOPC, and 

cholesterol (Chol) that exhibit co-existing liquid ordered (lo) and disordered (ld) domains at 

room temperature. Upon compression, we observe induced reorganization and fusion of the 

lipid domains.

Results and Discussion

Microfluidic device design & micro-stamp function. The device was fabricated using PDMS 

and consists of two layers containing microfluidic channels. The lower fluidic layer is 

designed to contain the GUVs while the upper layer serves as a control layer for the 

micro-stamps and ring-valves. There is an array of 60 chambers in the lower layer each 

containing a pair of PDMS posts designed to trap a single vesicle underneath a micro-stamp 

(Figure 1 & and Figure S1). A ring-valve and a micro-stamp are positioned above each 

chamber (within the upper layer). Once actuated with 3 bars of pressure, the purpose of the 

ring-valve (Figure 2a) is to block unwanted flow at the posts and therefore prevent shear 

stress on the vesicle membrane. The micro-stamp can then be controllably deflected (0 – 

1000 mbar) to deform the GUVs as shown schematically in Figure 2a. In order to calibrate 

the movement of the micro-stamp, the device was filled with calcein (0.1 mM) in water 

and the applied pressure was increased up to 1000 mbar in 100 mbar steps. The deflection 

of the micro-stamp (at the center of the chamber) was analyzed using confocal microscopy 

(Figure S2) and the resulting linear relationship (Figure 2b) demonstrates the controllability 

and reproducibility of the device. This ensures the same GUV compression is reached for 

each specific pressure. Note that the flexible PDMS posts of the trap are also compressed by 

the micro-stamp preventing it from reaching the glass surface but still allowing the GUVs to 

be deformed to a height of 4.7 ± 1.0 μm.

Compression of single-phase GUVs. To demonstrate the ability of the device to deform 

GUVs, vesicles composed of DOPC (with 0.1 mol% DiI) were introduced into the device 

(see Methods). First the ring-valve is actuated to eliminate shear stress and then the micro-

stamp is deflected to compress the GUV. Figure 3 shows a side view of GUV (reconstructed 

from confocal optical slices) acquired without (0 bar) and with compression (0.5 bar) from 

the micro-stamp. This revealed the natural spherical shape becomes an oblate truncated 

spheroid under the micro-stamp. After the ring-valve is actuated and the flow is stopped, 

the vesicles are no longer in contact with the PDMS posts (not visible). To assess the 

compression, we define the degree of deformation (D) using Equation 1, [37]
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D = (W − H)/W (1)

where W and H are the diameter and height of the vesicle respectively.

In this representative example, D was initially 0.13 due to the vesicle’s spherical diameter 

being slightly larger than the 20 μm channel height. After 0.5 bar was applied, D 

increased to 0.40. This is comparable to other methods of deforming GUVs such as optical 

stretching[46] or electro-deformation[57] which can achieve D~0.17 and ~0.33 respectively. 

Vesicles which had an initial diameter close to that of the channel height showed similar 

results. Here the compressed GUVs were prepared without buffers to ensure that water can 

permeate across the membrane [58]. However, when vesicles were prepared in the presence 

of a sugar solution (900 mM sucrose), they burst after a few minutes of compression (Figure 

S3). This is because the sugar osmotically balances the pressure across the membrane and 

prohibits water permeation. As the GUVs become more truncated with compression, the 

surface to volume ratio increases. Because the volume is held constant, the membrane is 

stretched beyond the maximum limit of 3-5% area increase and leads to vesicle rupture 

[36,59,60]. This highlights the need to exclude sugar solutions (typically used for GUV 

preparations) to allow water permeation when deforming GUVs to such high degrees.

A permeation assay was performed to further investigate the flow of water across the 

membrane. Pure DOPC GUVs are prepared in 20 μM calcein, trapped in the posts and 

then flushed with water to remove external calcein. The ring-valve was lowered and a 

confocal time series was acquired. The data shown in Figure 4 shows the internal calcein 

fluorescence intensity of an exemplary GUV as it was compressed by the stamp resulting in 

~11% increase in diameter. Here, the average fluorescence intensity of encapsulated calcein 

dye increased by 15.3 ± 5.8 % revealing a volume decrease due to the efflux of water and 

concentration of the dye. This data agrees with the above and shows that water is forced out 

of the GUVs to prevent the membrane surface area exceeding an increase of 3-5 %.[36,59]

Compression induced domain fusion. To study the effects of compression on membrane 

phase-separated domains, we used GUVs with a lipid composition of SM/DOPC/Chol 

4:4:2 which lies inside the lo/ld fluid co-existence region.[61–63] This would allow us 

to observe any changes in the lateral lipid organization that may occur as a result of 

compression. We included 0.1 mol% of the fluorescent dyes NAP and DiI which partition 

into the liquid ordered (cholesterol-rich) and liquid disordered phases respectively and 

therefore allow visualization of membrane domains. Confocal images were acquired with 

increasing amounts of compression as well as after releasing the pressure. Figure 5 shows 

3-D renderings of a typical phase-separated vesicle under compression. In most cases, when 

a high degree of compression was achieved, the appearance of the domains changed as 

the lipids re-organized across the surface. For the GUV shown in Figure 5, the circular 

lo domains, which constituted the minority phase (in terms of area fraction), appeared to 

migrate to the vesicle equator and fuse together into larger patches.

We frequently observed domain fusion with compression and in order to explain this we 

must first consider the geometry of the vesicles. Under this mechanical force they experience 

a compression in one axial dimension and expansion in the other. As we do not observe 
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rupture, we again assume that the total surface area can only expand by a maximum of 

3-5%. Therefore, they undergo this extension and compression at a near constant area [64]. 

This unidirectional compression favors re-distribution of the fluidic membrane (i.e. via mass 

transport) reducing the distance between a population of the circular domains and increasing 

the probability of contact and fusion (see Figure 6 for a schematic description). We must 

also consider the vesicles in terms of their free energy which is the sum of membrane 

tension, bending energy, and the interfacial energy of the line tension.[65,66] Let us first 

consider the relationship between membrane tension Σ and surface area A given by,

Σ = k_A(A − A_O)/A O (2)

where k_A is the compressibility modulus and A_0 is the initial area. Here, an initially 

spherical GUV has zero membrane tension [36,67] but there must be a short period (tens of 

seconds [59]) in which the area and tension increases before the water finishes permeating 

across the membrane and the internal and external hydrostatic pressures reach equilibrium 

(Figure 6). A change in lateral membrane tension can result in a change in the critical 

temperature and hence line tension between domains.[23,68–71] In response, there are 

two ways in which the total global free energy can be reduced again: fusion or budding 

of domains. [66,72,73] In both cases the perimeter interface between the two phases is 

minimized and the total line energy and hence global energy is reduced. Our observations 

of domain fusion can therefore also be understood if the transient tension increase induced 

by compression increases the critical temperature which implies an increase in line tension. 

Such an increase in line tension therefore favors fusion of domains and reduces the total 

interfacial line energy. It should be noted that lo and ld domains are known to have different 

bending rigidities but these differences are not dominant in determining the global vesicle 

shapes.[74] Contributions from bending energies are expected to be small compared to the 

cost of increasing the membrane tension or interfacial line energy. Indeed, we also observe 

the migration of ld domains to the equatorial region in other examples (see Figure S4). 

This can be explained due to the geometry of the system and the protrusion of the budding 

domains. At the micro-stamp and glass coverslip, the membrane is unnaturally flattened and 

therefore prohibits the formation of buds from the vesicle surface. Domains which are in the 

minority (in terms of area fraction) will prefer to bud and therefore migrate to the equatorial 

regions (more visible in Figure S4). Due to population heterogeneities, vesicles produced 

with the same lipid mixtures can have either lo or ld minority domains and explains why 

we observe different equatorial migrations for different GUVs. We note that normal lipid 

movement can be affected when in contact with a surface as previously observed, [33] 

but here this is minimized by the use of surface passivation by BSA coating. Any small 

unwanted surface effects may have prevented fusion of domains in the contact zones.

In a unique event, we performed the compression on a phase-separated vesicle which was 

already partially deformed when it was flushed into the microfluidic channels (due to its 

large spherical diameter > 20 μm). Surprisingly, smaller ld domains began bud and finally 

completely detached from the main GUV with increasing compression (Figure S5). Both of 

these events are consistent with our observations of domain fusion as they all serve to reduce 

the total interfacial line energy of the system.[66,67,72,74–76]
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Finally, when the pressure was released from the micro-stamp the vesicles returned to their 

original spherical shape but the original domain appearance was not recovered (Figure 4h). 

Fused domains are more energetically favorable due to the reduction in interfacial line 

energy (E) which serves to keep the vesicle in a lower global energetic state (Figure 6). 

Spontaneous fusion of the small ld domains in Figure 4a was mostly likely prevented due 

to ‘trapped coarsening’[77] which keeps the vesicle in a metastable state that can persist 

for days.[21] A control experiment was performed, where confocal stacks were recorded 

at various time intervals (3 – 6 min) of an uncompressed phase-separated vesicle inside a 

device (see Figure S6). The data shows that no re-organization of the domains occurred 

and that the observations presented here are the result of compression and not, for example, 

an imaging artifact.[21] It should be noted that reorganization of lipid domains has been 

observed when GUVs adhere to a substrate[78] or to each other,[79] but here the surfaces 

of the microfluidic device are coated with BSA to prevent any contribution from adhesive 

forces. Changes in osmotic pressures,[21] buffer asymmetry,[80] and protein binding[81] 

can also affect the appearance of domains, but the external solution in our setup remains 

constant.

Conclusions

We have presented a novel approach to investigate mechanical compression on model 

cells using a microfluidic device with an integrated micro-stamp. Our method allows for 

observations of vesicles far from their natural spherical equilibrium state, i.e. a large degree 

of deformation. We applied the micro-stamp to single component vesicles and demonstrated 

that water efflux prevents membrane rupture by reducing the internal volume. When 

multicomponent phase separated GUVs were compressed, we observed the reorganization 

and subsequent fusion of membrane domains. A unidirectional compression causes lipid 

transport which reduces inter-domain distances and promotes an increase in the probability 

of domain contact and fusion. The findings can also be understood by considering that the 

total global energy is altered by a temporary increase in the lateral membrane tension (before 

water efflux and equilibrium). Chen and Santore also note the near-zero tension of vesicles 

without osmotic balance in pure water [58]. Domain fusion therefore serves to reduce 

to total energy of the system by minimizing the interfacial line energies. To investigate 

these effects further, it would be desirable to develop a calibration system that enables 

the determination of the final applied force imposed on the vesicles by the micro-stamp. 

Moreover, we hope that researchers will implement simulations of the dynamic compression 

induced by our system to gain further insights into the relationship between compression, 

membrane tension, and domain organization.

Our method has several advantages but the main being that due to the mechanical trapping 

of the vesicles there is no need to adhere them to a surface which is often done with cells 

[20]. Adhesion of GUVs to substrate can introduce unwanted and uncontrolled membrane 

tensions which can lead to alterations of domain patterns [82]. This makes our device 

universally applicable for any soft object (water in oils droplets, aqueous droplets, cells, 

lipid vesicles, polymersomes, proteinosomes, etc.) in which compressive forces should be 

applied.
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Here we applied the micro-stamp to a biomimetic membrane system, but the results could 

have a wider implication for how biological cells respond to compressive mechanical 

forces. By observing vesicles exhibiting micrometer sized membrane domains, we can 

speculate about the role of so called ‘lipid rafts’ in cell membranes under compression. 

We have shown that compression has a significant effect on phase-separated membranes, 

demonstrating the fuse of domains as a direct result. This behavior would be challenging 

to observe in cellular membranes, but if lipid rafts were to exist, one could imagine that 

the dramatic changes observed in our model system might have implications in real cells. 

In particular, lipid rafts are thought to play a role in membrane protein sorting. Therefore, 

compressive mechanical forces on cells may result in membrane protein organization via 

remodeling of the lipids themselves. Interestingly, the formation of cholesterol-rich domains 

was recently observed in red blood cells upon mechanical deformation[20].

Finally, recent interest in the development of minimal cells using the bottom-up approach 

will inevitably lead to the construction of minimal tissues systems [1]. Such assemblies 

are expected to shed light on the emergence and function of early proto-tissue systems (or 

the first multicellular organisms or colonies of cells). While some reports have focused on 

aggregation [83] of or biomolecular transfer [84] between collections of GUVs, no work as 

ever investigated how environmental factors effects such systems. External triggers in the 

early Earth will have surely been essential in the evolution of proto-cell behavior. For this 

reason it will be interesting to observe how multiple vesicle systems respond to external 

factors. Not only compression as shown here on single artificial cells, but with osmotic 

gradients, changes in heat, and also applied shear stresses. We are therefore developing 

systems to model proto-tissues using high capacity microfluidic vesicle capture with this 

future goal in mind [85,86].

Experimental Section

Chemicals. Naphtho(2,3-a)pyrene (NAP) was purchased from TCI (Germany). 1,1’-

Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate (DiI) was obtained from 

Invitrogen. Sphingomyelin (egg chicken, SM), 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC) and cholesterol (Chol) were purchased from Avanti Polar Lipids (Alabama, USA). 

Methanol and chloroform were from Acros Organics. PDMS and curing agent (Sylgard 

184) were purchased from Dow Corning (MI, USA). SU-8 2015 photoresist was obtained 

from Microchem Corp (MA, USA). Bovine serum albumin (BSA), sucrose and calcein 

were purchased from Sigma Aldrich. mr-Dev 600 developer was obtained from micro 

resist technology (Germany). 1H,1H,2H,2H-Perfluorodecyltrichlorosilane was purchased 

from ABCR-Chemicals (Germany).

Microfluidic device fabrication. Standard 100 mm diameter silicon wafers (Si-Mat, 

Germany) were used to fabricate the master molds. First, the wafers were dehydrated for 

10 min at 200 °C and then spin coated with SU-8 2015 for 30 s at 2100 rpm. Afterwards, 

a soft bake was performed for 240 s 95°C, then the wafers were exposed with 150 mJ/cm2 

at 365 nm on a MA 6 mask aligner (Süss MicroTec, Germany) through a transparency 

photomask (Micro Lithography Services, UK). After a post exposure bake was conducted at 

95 °C for 300 s, the wafers were developed using mr-Dev 600 developer for 4 min. Finally, 
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a hard bake was performed for at least 3 hr at 200°C. To prevent adhesion of the PDMS 

to the wafer surface, they were treated with a 1H,1H,2H,2H-Perfluorodecyltrichlorosilane 

atmosphere at 100 mbar for 12 hr. The PDMS part of the device consists of a lower fluidic 

layer and an upper pressure control layer. Oligomer and curing agent were mixed in a ratio 

of 10:1. For the upper layer (feature height 20 μm), the PDMS mixture was poured to a 

height of 5 mm and cured for 3 h at 80 °C. Holes for the pressured nitrogen were punched 

using a 1 mm outer diameter biopsy puncher (Miltex, PA, USA). For the lower layer (feature 

height 20 μm), the mixture was spin-coated to a height of 40 μm at 2000 rpm and cured 

for 1 h at 80 °C. Both layers were treated with an air plasma in a custom-built chamber 

and bonded together under a microscope for alignment of upper and lower channels. After 

heating the two bonded parts for 2 hr at 80 °C, fluidic access holes were punched with a 1.5 

mm outer diameter biopsy puncher (Miltex, PA, USA). The final device was completed by 

bonding the PDMS section to a glass coverslip using a plasma cleaner (PDC-32G, Harrick, 

NY, USA).

GUV preparation. GUVs exhibiting domains were prepared by electroformation in a 

custom-built temperature controlled chamber. Specific ratios of SM, DOPC and cholesterol 

were dissolved in chloroform/methanol (9:1 v/v) at a concentration of 1 mM with 1 μM DiI 

and NAP. Approximately 2 μl of the mixture was deposited onto a conductive indium tin 

oxide (ITO) slide (15-25 Ω/sq, Sigma-Aldrich) in 12 different locations (for multiple lipid 

ratios) separated by a 1.5 mm thick silicone rubber spacer and dried in a vacuum overnight. 

Millipore filtered water was then used to hydrate the lipid films and the 12 chambers were 

sealed using a second ITO coated slide. A custom-built heating device set the chamber 

temperature to 60°C, and 1 V at 10 Hz was applied for 4 h using a function generator 

(HMF2525, Hameg) to form GUVs. The voltage was turned off and the device was cooled 

to room temperature. GUVs were subsequently detached from the ITO surface by applying 

1.5 V at 3 Hz for 30 min, harvested by gentle pipetting of the solution, and used on the same 

day.

Chip preparation and operation. To prevent adhesion of the vesicle to the PDMS or glass 

surfaces, 2% (w/v) BSA solution in Millipore filtered water was centrifuged into the fluidic 

layer and incubated for 1 h. At the same time, Millipore filtered water was centrifuged into 

the upper layer. Centrifugation ensures that fluids fill the entire device and no air pockets 

remain trapped in the micro-channels. A syringe-pump (neMESYS, Cetoni, Germany), was 

subsequently used to exchange the BSA solution in the lower layer with Millipore filtered 

water (20 μl/min). The same pump was used to draw the GUV solution through the fluid 

channels during the experiments (10 μl/min). All experiments were performed at room 

temperature (22 - 23 ⍰C). Once more than 55 out of 60 traps were filled with GUVs, the 

ring-valves in the upper layer were actuated by applying 3 bar of pressure (using an in-house 

nitrogen line) using a custom-built pressure control instrument. The hydraulic pressure 

deforms the 20 μm of PDMS between the two layers so that it makes contact with the glass 

bottom to form an open ring shape around the posts and GUV. The purpose of which is to 

prevent shear stress during the experiments. Additionally, a time period of 30 min is given 

before performing the experiments to ensure the domains are stable. Deformation of the 

GUVs was achieved in a similar manner by applying 0 to 1000 mbar to the micro-stamp in 

the upper layer using a pressure control system (MFCS-FLEX, Fluigent, France). Typical 
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steps of 100 - 200 mbar were implemented with time intervals of 3 - 4 mins between steps. 

The final assembled device with connected tubing can be found in Figure S1b.

Microscopy. Wide-field microscopy was achieved using an inverted microscope (IX70, 

Olympus, Japan) with an EMCCD camera (iXon DV887, Andor, Germany). GUVs were 

imaged by optically sectioned microscopy using a confocal laser scanning microscope 

(Axiovert 200M, Zeiss, Germany) with a 63x/1.4 NA oil immersion objective lens. NAP 

fluorescence was recorded using a 458 nm Argon ion laser line, an HFT 458/561 dichroic, 

and a 505-550 nm band-pass filter. DiI fluorescence was recorded using a 561nm-diode 

laser, an HFT 458/561 dichroic, and a 575 nm long-pass filter.

Image analysis. Image analysis and 3-D rendering of confocal data sets were performed 

using Zen (Zeiss, Germany). To account for sample drift during image acquisition, 

alignment of the z-stacks was achieved using AutoAligner (Bitplane AG, Switzerland). 

Wide-field images were processed using ImageJ.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design of the microfluidic device.
a) Bright-field image of a single chamber showing alignment of the micro-stamp above the 

trapping posts. Scale bar: 100 μm. b) Schematic showing a single chamber with a ring-valve 

and a micro-stamp. Insert: Once a GUV is trapped the fluid flow is diverted around the 

posts.
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Figure 2. Operation of the device.
a) Side view (x-z) schematic showing how the control layer, situated above the fluidic layer, 

can be pressurized to lower the ring-valve or micro-stamps. Top: A single GUV is trapped 

at the posts. Middle: The ring-valve is actuated. Bottom: The micro-stamp is lowered to 

compress the GUV. b) The micro-stamp height can be precisely controlled by increasing the 

applied pressure in the control layer. The height of the micro-stamp above the glass coverslip 

is measured in front of the posts in the center where GUVs are captured. Note that the center 

of the stamp is prevented from making contact with the glass due to the presence of the 

PDMS posts. Averages are from three different chambers and errors bars taken from the 

standard deviation.
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Figure 3. Confocal renderings of a pure DOPC GUV under compression.
Side view (x-z) with micro-stamp pressures of a) 0 mbar (D = 0.13), b) 100 mbar (D = 0.28) 

and x) 500 mbar (D = 0.40). Scale bar arrows: 5 μm.
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Figure 4. Permeation assay.
a) Plot of the internal calcein fluorescence intensity of an exemplary GUV as it is 

compressed by the stamp (1000 mbar). Note that gaps in the data are when the GUV had 

to be re-centred in relation to the objective focal plane. Inserts show confocal images before 

and after compression. Scale bar: 5 μm. b) The average calcein fluorescence was measured 

before and 3 min after compression (n=6), and mean intensity increase was 15.3 ± 5.8 %. 

Error bars are taken from the standard deviations.
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Figure 5. Compression dependent domain fusion of a phase-separated GUVs, SM/DOPC/Chol 
4:4:2.
a) to g) 3-D renderings when increasing the applied pressure from 0 mbar to 600 mbar. h) 

Releasing the pressure and returning the GUV to its original spherical shape. Scale bar: 5 

μm. DiI (orange) and NAP (cyan) partition into the ld and lo phases respectively. Note that 

from from g) to h) the vesicle has undergone a rotation.
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Figure 6. Description of domain fusion as a result of compression.
The uncompressed GUV is at equilibrium with zero membrane tension (Σ). As the 

compression is initially applied, the area per lipid and lateral membrane tension increase 

temporally. As the volume (V) is reduced, water is forced out of the vesicle until it reaches 

equilibrium in the final state and the tension returns to zero. While the final vesicle surface 

area (A) has not changed compared to the uncompressed state, the domains are now more 

restricted in one axial dimension due to the new geometry of the compressed oblate vesicle 

causing a reduction in the inter-domain distance (r) for a population. Moreover, during 

the transient non-equilibrium intermediate state, the increased membrane tension favours 

domain fusion in order to decrease the total line energy (E) and lower the total free energy.
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