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Coexistence of lipid domains in cell membranes is associated with vital biological processes. Here, we
investigate two such membranes: a multi-component membrane composed of DOPC and DPPC lipids
with gel and fluid separated domains, and a single component membrane composed of PMPC lipids
forming ripples. We characterize their mechanical properties below their melting point, where ordered
and disordered regions coexist, and above their melting point, where they are in fluid phase. To conduct
these inquiries, we create lipid bilayers in a microfluidic chip interfaced with a heating system and
optical tweezers. The chip features a bubble trap and enables high-throughput formation of planar
bilayers. Optical tweezers experiments reveal interfacial hydrodynamics (fluid-slip) and elastic properties
(membrane tension and bending rigidity) at various temperatures. For PMPC bilayers, we demonstrate a
higher fluid slip at the interface in the fluid-phase compared to the ripple phase, while for the
DOPC:DPPC mixture, similar fluid slip is measured below and above the transition point. Membrane
tension for both compositions increases after thermal fluidization. Bending rigidity is also measured
using the forces required to extend a lipid nanotube pushed out of the freestanding membranes. This
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novel temperature-controlled microfluidic platform opens numerous possibilities for thermomechanical
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1. Introduction

In both eukaryotic and prokaryotic plasma membranes, coex-
istence of ordered and disordered regions within the lipid bilayer
impacts the membranes’ properties and plays a role in
several biological processes, such as protein transport, signal
transduction, and the fusion of viruses into cells.'™ Coexistence
of lipid regions in the membrane depends on lipid composition
and it can appear in the form of gel domains emergence in
lipid mixtures, or ripple-state conformation in single component
membranes*® In particular, binary lipid mixtures containing 1,
2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC) promote phase separa-
tion resulting in the presence of in-plane gel phase and fluid
phase domains. Coexistence of gel and fluid regions presents as
patches enriched in highly-ordered saturated lipids, e.g. DPPC,
which exist alongside fluid-phase lipid domains, e.g. DOPC.*
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studies on freestanding planar membranes.

Such DOPC:DPPC containing mixtures are often models for
biological cell membranes.®’

The ripple phase is another manifestation of ordered-dis-
ordered coexisting lipid regions,>® more recently described as the
coexistence of an ordered phase and a complex mixed phase.’ The
ripple phase can occur in single lipid composition bilayers just
below the melting temperature (7)), ie. in between a pre-
transition temperature (T,e) and Ty, and has been reported for
both supported® and un-supported lipid bilayers.'>"" Unlike the
gel-fluid separation in a DOPC-DPPC binary mixture, the ripple-
state membrane presents a structure with corrugations with a
periodicity of ~10-30 nm,>" and long-range orientation correla-
tion of its hexagonal lattice packed domains."® For instance,
palmitoyl-myristoyl-PC (PMPC, 16:0-14:0 PC, Ty, = 27 °C, Tpre =
17 °C) is a mixed-chain (sn-1 and sn-2 acyl chains of different
lengths'!) lipid that forms a ripple structure below its T,."?
Although PMPC is abundant in the mammalian pulmonary
system and is involved in COVID-19 infection prevention,® it is
scarcely characterized mechanically especially below the T,,.

It has been shown that membranes with coexisting ordered-
disordered regions exhibit complex thermomechanical proper-
ties different from what is observed in single-phase ones.'”
Yet, the overall literature on the contribution of such lipid
sub-domains to the bilayers’ mechanical properties is still
limited."®" Such studies are thus needed because many

This journal is © The Royal Society of Chemistry 2024


https://orcid.org/0000-0001-5300-0889
https://orcid.org/0000-0001-9995-2623
http://crossmark.crossref.org/dialog/?doi=10.1039/d4sm00706a&domain=pdf&date_stamp=2024-10-17
https://doi.org/10.1039/d4sm00706a
https://doi.org/10.1039/d4sm00706a
https://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm00706a
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM020042

Open Access Article. Published on 17 October 2024. Downloaded on 2/21/2026 8:38:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

biological functions depend on the mechanical properties of the
membrane®*>* determined by the spatial phase heterogeneity of
bilayers.*** The hydrodynamics at the interface (interfacial fluid
slip) and elastic properties (membrane tension and bending
rigidity) are two subgroups of such mechanical properties, which
influence numerous biological processes.**”” Interfacial fluid slip
is an indicator of the bilayer response to the surrounding flow.”®
In vivo, this response is dependent on bilayer composition/
physical properties®” and influences a broad range of biological
processes such as ion channel gating, signaling, molecular
transport, protein activation, and cell-drug interaction.”*** On
the other hand, membrane tension influences cell polarity,****
membrane fusion,*® and trafficking,”” while bending rigidity
influences cell growth rate and division instabilities.*® Membrane
tension and bending rigidity together also define geometrical and
physical properties of lipid nanotubes (LNTs), which are struc-
tures also present in cells for molecular transport and intercellular
communication.*

Measuring the mechanical characteristics of a membrane
in vitro, while altering the phase of the bilayer represents a
technical challenge. Two conventional in vitro settings for the
study of membrane properties are vesicles and supported
bilayers. These systems present limitations for measurements
of mechanical and phase-related properties.*>*! In vesicles,
controlling membrane curvature can be challenging and
usually requires specific custom technology.*>** Membrane
curvature is known to impact lipid ordering and to interfere
with phase separation, and more specifically may shift the pre-
transition temperature at which the ripple structure occurs.****
In supported bilayers, the contact between one leaflet and the
solid substrate exerts influences on their phase behavior;*’ this
results in a strong dependency of the bilayer phase and the
related mechanical properties on the substrate topography.*®
For example, substrate contact was reported to affect ripple
phase formation in supported bilayers.*”

The use of planar freestanding membranes formed in micro-
channels represents a reliable alternative for phase-related studies,
as they have minimal curvature and do not contact a surface. This
configuration has been used for measurements of room-
temperature mechanical properties of single-phase bilayers,>®*%4°
but phase-associated mechanical studies using this approach have
not been reported. To enable this, an improved microfluidic system
is required, to provide precise and controlled heating, while pre-
venting thermal-related instabilities leading to the loss of the
membrane, including: membrane instability below the melting
point,”® and the management of air bubbles in microchannels
for thermal experiments.>* Additionally, the design should robustly
handle the often low success rate of membrane formation in
microchannels with non-fluid lipid compositions,*>** aiming for
high-throughput and comprehensive characterization in each
experiment. It should be noted that in all these artificial systems
(freestanding bilayers, vesicles, supported bilayers), the membrane
is at equilibrium, as opposed to cell membranes in vivo.>®

Here, we study the thermomechanical properties of lipid
membranes in a freestanding, planar configuration. We pre-
sent a microfluidic chip (integrated with a bubble trap and a

This journal is © The Royal Society of Chemistry 2024

View Article Online

Soft Matter

temperature sensor) compatible with optical tweezers, as a
high-throughput tool for the on-chip formation of long-term
stable non-fluid bilayers and phase-related investigations. The
lipid bilayers are formed by the contact of two lipid monolayers
at organic-aqueous interfaces inside a microchannel. This
results in artificial lipid membranes perpendicular with respect
to the imaging plane enabling physical manipulation with optical
tweezers, accessibility to either leaflet independently, and straight-
forward imaging of the membrane deformations. Two distinct
lipid bilayer compositions are used in this study: the gel-fluid
domain-forming DOPC : DPPC ( 3: 2 molar ratio) lipid mixture, and
the ripple phase-forming PMPC lipid. For both compositions,
phase change takes place approximately at the same temperature
(T = 27 °C**). The chip is mounted on an optical tweezer setup
with a coiled objective to heat it, inducing temperature-driven
phase changes in the membranes. We study the temperature-
related elastic properties (membrane tension and bending rigidity)
and interfacial hydrodynamics (fluid slip) for temperatures below
and above their melting points (i.e. between 21 °C and 32 °C). We
first perform a study on how the fluid-slip at the interface depends
on the temperature of the bilayer by shearing the membranes with
the optically trapped bead. Then, beads are pushed against these
bilayers bidirectionally to extract biologically relevant mechanical
properties namely surface tension, membrane-to-tube and tube-to-
membrane transition force-barriers, and bending rigidity at the
aforementioned temperatures.

Other well-established techniques, such as ¢DICE>>® and
eDICE,”” also rely on the contact of two monolayers at an
organic-aqueous interface for membrane formation. These
techniques are increasingly used to synthesize GUVs that model
minimal cells.’””*® For mechanical characterization of mem-
branes formed by monolayers zipping at an organic-aqueous
interface, the planar freestanding configuration of the present
study offers enhanced opportunities.

2. Results and discussion

2.1. High-throughput formation of freestanding planar
membranes

The freestanding lipid bilayers are formed in a microfluidic
device by the contact of two lipid monolayers based on a
reported method*®*° that is here modified for increased lipid
membrane formation and stability (Fig. 1). The core of the
improvement revolves around tackling three primary chal-
lenges that existed in previous systems.

The first challenge is to deal with unwanted bubbles in the
channels often formed at the interface between the aqueous and
organic phases, disrupting the contact process between mono-
layers. Air bubbles are a common hurdle in microfluidics,* in
particular for experiments conducted at varying temperatures.>*
The bubbles have several possible origins: air trapping due to the
geometry and various components of the system (tubing, con-
nection, inlet, microchannels), wettability properties of the chip
material, temperature variations, and injecting both an organic
and an inorganic solution into the chip.®® To capture and/or
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Fig. 1 Microchip structure and procedure for membrane formation. (A) Design of microchip. The NOAB81 chip consists of two major sections: a bubble
trap (with an asymmetric structure and barriers on the centre line) and a micropillars section, including 30 gaps and 32 pillars. The three-phase flow — air,
chloroform with lipids, aqueous HEPES buffer with microbeads- is introduced at the inlet port and reaches the bubble trap, which divides the main
channel into two channels of unequal widths (I). The organic phase wets well the channels, and fills and passes the bubble trap immediately, while the
bubble(s) get trapped in the wider side of the trap (Il). (B) Time sequence of membrane formation in the pillars chamber. The bubble-free HEPES solution
ultimately escapes the trap and enables a clean, bubble-free lipid monolayer interface with the organic phase. Due the streamline-shaped wall design and
being bubble-free, the pressure at each gap is balanced, and lipid monolayers are zipped together to form the flat, planar bilayers.

remove air bubbles from microfluidic systems, bubble traps
are often used. They are categorized as passive or active
traps with regards to their function,* and as in-plane or out-
of-plane with regards to their configuration.>®>' Here, a novel
passive bubble trap with an in-plane configuration is designed
with an asymmetric architecture (discussed more in details
later on).

The second challenge is the frequent low success rate
of membrane formation in microchips, specifically with
cholesterol-free non-fluid lipid compositions or non-conical
lipids.’®* To tackle this issue, a chamber filled with several
pillars was designed downstream of the bubble trap. This
results in a high-throughput membrane formation, with several
stable membranes forming per microchannel at a time.
Using multiple membranes on a single chip allows various
experiments on different membranes without the time-
consuming process of forming new membranes for each new
experiment.*®*? Having several membranes on the chip is a key
point here, since designs with a single membrane per micro-
channel have reproducibility and throughput issues making
them unsuitable for mechanical characterization when a large
number of experiments with different lipid compositions are
usually required. However, we should mention that single-
membrane designs are still usually necessary for electrical

8526 | Soft Matter, 2024, 20, 8524-8537

measurements,®®* for asymmetric membrane formation,>
and for membrane protein channels studies.®®

Finally, the third challenge is to ensure that the pressure
and the flow velocity on each side of the bilayer are comparable,
during and after membrane formation. This is a requirement
for smooth leaflets zipping, and it ensures the flatness and
improves the membrane long-term stability under ongoing
flow. To do so, we designed the pillar chamber with an
architecture that follows the fluid-flow pattern (contracting —
expanding width of walls in the chamber, see Fig. 1B) making
the flow at the gaps fully symmetric (i.e. balanced fluidic
pressure at the gap), thus ideal for membrane formation.

2.1.1. Microfluidic system description. Considering the above-
mentioned challenges (ie. bubbles removal, high-throughput
membrane production, stability, fluidic symmetry, and flatness),
we introduce a design that facilitates freestanding membrane
formation for thermal and mechanical tests. For this, a microflui-
dic system integrated with a thermocouple is fabricated (Fig. S14,
ESIY). It includes two sections (Fig. 1A and Video S1, ESIt): (1) a
passive trap for capturing bubbles upstream, (2) a chamber made
of an array of pillars, where membranes can be formed in the gaps
between the pillars. For the system, we use 30 gaps (two rows each
containing 15 gaps) constructed by 32 pillars (two rows of pillars
with 16 pillars in each row) to increase the system’s throughput

This journal is © The Royal Society of Chemistry 2024
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resulting in the formation of several stable flat membranes for each
infusion. The material NOA81 (Norland Optical Adhesive 81) is
selected for the fabrication of the chip (including the pillars and the
bubble trap) sandwiched between a glass slide and a cover slip
(Fig. S1B, ESIt). NOA is a UV-curing adhesive composed of thiol-ene
resin with hydroxyl function on the surface.** Channels made of
NOA have shown lipophilic and slight hydrophilic surface char-
acteristics (water contact angle of 69.3° + 1.3°).°>*® Most impor-
tantly, NOA81 was shown to produce membranes with reduced
annulus size (which is essential for interfacing the bilayers with
optical tweezers) when chloroform is used as organic solvent.”®*°
To elevate the temperature of the membrane within the micro-
channel, we place the membrane-containing chip onto an optical
tweezer setup featuring a coiled objective (Fig. S1B, ESIT). A 3D
COMSOL simulation is performed to model the temperature within
the flow cell (Fig. S2, ESIt), showing that a homogeneous tempera-
ture distribution is expected in the channel with less than 1 °C of
temperature gradient across the height of the channel.

To form membranes, a solution of lipids dissolved in chloro-
form is flown into the chip followed by the aqueous buffer
HEPES. During this process, air bubbles are often observed
at the organic/aqueous interface or in the chloroform. If air
bubbles are not captured and reach the pillars, they affect the
flow and prevent membrane formation. The bubble trap is
divided into two channels of unequal widths, enabling the
trapping of air bubbles in the upstream section of the chip
(Fig. 1). Due to the strong wettability of NOA81 for chloroform,
the chloroform solution flows into both channels almost
simultaneously (Fig. 1A, panel I). Subsequently, we observe that
any air bubble present in the system will enter one of the
channels, preferably the wider one (Fig. 1A, panel I). Bubbles
are trapped and slowed down at the constricted sections of the
channel (Fig. 1A, panel II), enabling the aqueous phase to freely
flow in the other channel and resulting in a continuous bubble-
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free buffer-chloroform interface in the pillars section (Fig. 1B).
Lipid bilayers can then be formed by the junction of two
monolayer leaflets that ‘zip’ together after each pillar (Fig. 1B).

To demonstrate the added value of using the bubble trap, we
compare DOPC: DPPC (3:2) lipid bilayers formed either with
the bubble trap or without (by infusing from the outlet). With
the use of the bubble trap, a continuous leaflet-leaflet zipping
allows the formation of several stable, flat membranes on the
chip (Video S1, ESIf). Without the bubble trap, due to the
highly asymmetric flow at the gap and the fluidic disturbances
generated by the bubbles, the membranes are either not form-
ing, are very short lived (Video S2, ESI{), or are highly curved.
The bubble trap design substantially enhances the formation of
stable flat membranes even at flowrates as high as 5 pL. min "
(at the inlet). In general, we find that membranes composed of
phosphatidylcholines (PC) lipid compositions that are in liquid
phase at room temperature (e.g., 16:0 18:0 PC, 18:1 18:1 PC,
18:0 18:1 PC, and 16:0 18:2 PC) remain stable for weeks in
our chip if all ports are sealed with silicon grease.

2.1.2. Quantifying the effect of the bubble trap. To quantify
the effect of the bubble trap on the pressure balance on each
side of the lipid bilayers, the velocity of the flow around the
gaps between the pillars is analyzed in a chip without lipids.
When the pressure is not balanced on either side of the gap, a
flow can pass through the gap which would prevent membrane
formation or lead to the formation of curvy membranes in less
extreme cases. With a balanced pressure, the flow on the
midline of the gap (inset of Fig. 2A) is expected to be parallel
to the channel orientation, with no significant flow passing
through the gap, favorizing membrane formation.

To measure the local flow velocities in the gap, a polystyrene
bead of 2 um diameter is optically trapped at the center of the
gap’s midline as indicated in the inset of Fig. 2A, while liquid is
flown through the chip from the outlet (for the case with no
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Fig. 2 Characterizing the effect of the bubble trap. (A) The velocity of the fluid is measured at the gap with an optical tweezer, with or without the use of
a bubble trap. The velocity v, corresponds to the fluid moving in a direction parallel to the flow infused in the device. The velocity v, corresponds to the
fluid moving across the gap, in a direction perpendicular to v,. The inset represents the schematic of the experiment where a bead is optically trapped at
the centre of the gap’s midline and the flow is infused into the channel. (B) Step by step schematic of the bubble trapping function.
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bubble trap) and from the inlet (for the case with the bubble trap).
For this purpose, a similar procedure as for lipid bilayer formation
is followed, except that no lipid is added to the organic solvent.
Then, while a flow of 2 uL min~" is applied with the syringe pump,
the displacement of the beads from the center of the optical trap is
measured for a 6-second period and converted to flow velocity for
both cases (N = 3 experiments for each case). Fig. 2 reports the
velocity components of the flow at the gap for both cases. Without
the bubble trap, the velocity along the y-axis (v)) reaches 1216 +
153 um s !, which indicates that fluid flows across the gap
because of a pressure imbalance between the two channels caused
by the presence of bubbles in the system. With the bubble trap
however, bubbles are trapped upstream in the system (Fig. 2B) and
no bubble can reach the pillars section to disturb the flow pattern.
We find a significantly lower vy, of 16 = 9 um s ' in the case of
using a bubble trap, which demonstrates that the pressure in both
channels is almost equal. This pressure balance shows the benefits
of using the bubble trap for membrane formation.

We can directly estimate the pressure difference in the two
channels from a hydraulic circuit analysis. From the geometry of
our channel, we find a value for the hydraulic resistance of each
channel section on the order of R, ~ 1.6 x 10" kg m™* s™ .
We can estimate the volumetric flow rate from the velocity
measurement, which yields an estimate for the pressure differ-
ence between the channels of AP ~ 10~ ° Pa for v, = 16 pm s~ !
(with bubble trap) and on the order of AP ~ 10" Pa for v, =
1216 um s~ (without bubble trap).

These estimates of the pressure difference in the channels
can be directly related to the curvature of the membrane that
will form in the gap. Given the membrane tensions previously
measured in similar freestanding membranes (ranging
between ¢ = 3-6 x 10°° N m™*)," we can estimate the radius
of curvature of a membrane formed in the device with bubble
trap to be on the order of ~1 mm, which can be approximated
as a flat membrane given the size of the gap. For the device
without bubble trap, the radius of curvature of the membrane
formed would be ~10 pm, which is smaller than the gap size
and we therefore do not expect a membrane to form.

2.2. Hydrodynamics at the interface of membranes

We start characterizing our lipid membranes by investigating
the hydrodynamics at their interface (fluid slip). We have
previously shown that the fluid slip at the interface of free-
standing planar membranes depends on lipid composition and
lies in between a full-slip (equivalent to no wall) and a no-slip
(solid wall) boundary condition.”® Here, we compare the flow
behavior at the interface of gel-fluid and ripple membranes at
21 °C and show how fluidizing them by increasing the tem-
perature to 32 °C affects fluid slip.

For this purpose, we use PMPC and DOPC:DPPC (3:2)
bilayers, which were both reported to experience a phase transi-
tion at 27 °C.°*%” It should be noted that T}, may deviate slightly
depending on the solvent used, the membrane configuration,
and the interactions between the membranes and the platform
on which they are formed. For instance, freestanding planar
DOPC:DPPC (3:2) membranes formed in microchannels by

8528 | Soft Matter, 2024, 20, 8524-8537
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contacting monolayers followed by subsequent drainage of the
solvent, showed a T}, that deviates ~0.4 °C on average from the
T,,, observed on giant unilamellar vesicles (GUVs).”* We therefore
do not rule out the possibility that our method of membrane
formation and the presence of residual solvent may influence
phase separation or shift slightly the transition point. For this
reason, we probed a range of several degrees around 27 °C, ie.
from 21 °C to 32 °C. Also, one indication that we likely cross Ty,
is that when heating from 21 °C to 32 °C, membrane buds were
occasionally observed (Fig. S3, ESIT), as reported for lipid vesicles
when going through phase transition.®® Note that our mechan-
ical testing was not performed in the vicinity of such buds, but
only on flat membranes.

We optically trap a polystyrene bead of diameter 2a = 2 um at
a specific distance d between the center of the bead and the
freestanding lipid bilayer. The membrane is then moved par-
allel to its plane with the use of a piezostage (inset of Fig. 3A
and Video S3, ESIt). The drag force experienced by the bead (D)
is measured with the optical trap and is normalized with
Stokes’ drag (Fp = 6muUa, where p is the dynamic viscosity,
U is bead’s relative velocity). We call this force ratio Cs and use
it to describe the fluid slip at the interface of the aqueous
medium with the membrane as previously described.”® Cs can
be described as follows:

-1

CS:L%{I_EL} (1)
6nulUa 16 d + I

where [ defines the slip length. If the bilayers were to behave
like a solid wall, the model would coincide with Faxén’s law®’
corresponding to Iy = 0 in eqn (1). When using eqn (1) to
calculate the slip length at the interface of the bilayers, we
assume that the bilayers are non-deformable boundaries for the
flow. Significant local deformations of lipid bilayers have been
reported for traveling beads with larger diameters (3-8 mm).”®
To check for membrane deformations, we tracked DOPC : DPPC
(3:2) membranes with a high-speed camera while a 2 pm
optically trapped bead was translated at velocities U between
5-100 um s~ " in the plane of the membrane. This experiment
was repeated with a distance d varying from 1.1 pm to 11.1 pm
between the bead’s center and the bilayer. Video analysis
showed that no significant membrane deformation was
obtained at any value of U or d tested (Fig. S4, ESI{).

For our membranes, Cs was deduced from our experimental
measurements at varying distances d/a from the bilayer (Fig. 3).
For the rippled-phase PMPC membrane at 21 °C, we measure
Cs = 1.26 £ 0.05 at a distance d = 1.1 um between the bead’s
center and the bilayer, resulting in a fitted slip length /s = 1.9q,
higher than the previously reported value for DPPC (16:0 PC)
bilayers (Cs = 1.46 + 0.15 at d = 1.1 um, and I = 0.83a)*®
at 21 °C. Therefore, we find that the mixed-chain PMPC (16:0
14:0 PC) lipid allows for higher fluid slippage compared
to its symmetric-chain counterpart, i.e. DPPC (16: 0 PC). When
increasing the temperature to 32 °C, PMPC bilayers transition
to the fluid phase and we find a significant reduction in
the drag ratio at 32 °C (Cs = 1.18 & 0.03 at d = 1.1 um, [s = 3.4a).

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Shearing experiment. (A) An optically trapped bead of radius a is used to shear the membrane at various distances d (as shown in inset). The graph
shows the ratio of the experimentally measured drag force on a bead of diameter 2a = 2 pm to the Stokes’ force at different bead-membrane distances d.
Fitted curve of eqn (1) is also plotted on the experimental data. R? values are 0.84, 0.80, 0.91, 0.78 for gel-fluid DOPC:DPPC, fluid DOPC:DPPC, ripple
PMPC, and fluid PMPC respectively. The dashed line represents the no-slip condition ([s = 0) that happens at the boundary of a solid wall based on Faxén's
law.®° The solid line represents what we would expect for a free gap (no membrane), where a full slip (ls = o0) happens. For the lipid membranes tested,
the behaviour lies between a solid wall and a free gap (no membrane) condition depending on composition and temperature as indicated with red and
blue data points. (B and C) Drag ratio of PMPC and DOPC : DPPC (same data as (A), plotted independently for better visualization).

Our observation of a decrease in the drag force experienced by the
bead at the interface upon heating is consistent with previous
reports on the decrease of drag force experienced by a bead
attached to a DMPC giant vesicle transitioning from the ripple to
the liquid-disordered phase.”* We performed the same experiment
with DOPC: DPPC (3:2) membranes. Unlike PMPC, we find drag
ratios that are not significantly different below and above T, i.e.
Cs =1.18 £ 0.03 (I = 3.2a) at 21 °C and C; = 1.16 + 0.04 (I = 3.8a)
at 32 °C.

The values measured for Cs at intermediate temperatures
between 21 °C and 32 °C are also provided in Fig. S6A (ESIY)
for both lipid compositions. We observe a continuous decrease
of C; with temperature for PMPC. For DOPC:DPPC, the
drag ratio remains almost constant at all the temperatures.
Similarly, FRAP experiments on DOPC:DPPC (1:1) lipid
bilayers showed no correlation of lipid diffusion coefficient
with temperature when the temperature was increased from
22 °C to 38 °C.”

This journal is © The Royal Society of Chemistry 2024

When comparing PMPC and DOPC:DPPC bilayers, we find
that both bilayers exhibit a behavior at the water interface
which is far from a solid boundary (no-slip), with ripple-
phase PMPC showing a lower slip-length at the interface in
comparison to the two-phase DOPC:DPPC membrane. We
attribute this lower drag ratio obtained for the two-phase
DOPC:DPPC membranes to the presence of kinks in the unsa-
turated lipid DOPC.

The interfacial drag ratios enable us to estimate membrane
viscosity (1, in Pa s m) and its variation with temperature. For
this purpose, we assume an intermonolayer friction coefficient
b in the range of 0.3 x 10> < b < 1.7 x 10°> Pa s m™ " (ref. 28)
(which was reported experimentally for DOPC:DPPC (2:1)
bilayers using a similar microfluidic setup). With the metho-
dology provided by Amador et al.>® we estimate a membrane
viscosity of 3.4 x 107° Pasm < 5, < 9.8 x 10°° Pa s m for
PMPC at 21 °C, 1.3 x 107’ Pasm < 1, < 5.5 x 107° Pas m
for PMPC at 32 °C, 1.0 x 10 °Pasm < yp < 5.6 x 10" ° Pasm

Soft Matter, 2024, 20, 8524-8537 | 8529


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm00706a

Open Access Article. Published on 17 October 2024. Downloaded on 2/21/2026 8:38:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

for DOPC:DPPC at 21 °C, and 0.46 x 10 °Pasm < i, < 5.1 x
10"° Pa s m for DOPC:DPPC at 32 °C. For comparison, a
membrane viscosity of 3 nPa s m was reported for SOPC (18:0
18:1 PC) GUVs measured using falling ball viscometry,”® 13 nPa
s m for SOPC GUVs measured using probe diffusion method,”*
and 0.15 nPa s m for DOPC LUVs measured via Fluorescence
lifetime of dye.”

2.3. Surface tension and bending rigidity of membranes

We proceed by performing measurements of membrane tension
(0) and bending rigidity (k) on bilayers at temperatures between
and including 21 °C and 32 °C. For measuring membrane tension
and rigidity, we used the optical trap to push a 2 pm bead against
a planar, freestanding bilayer. The force-displacement curve of the
trapped bead provides a direct measurement of the surface
tension and the subsequent calculation of the tube radius and
bending rigidity.*® First, the bead is pushed ‘forward’ and enters
in contact with the membrane, the force increases as the

View Article Online
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membrane deforms and gradually wraps around the bead
(panel I of Fig. 4A corresponding to the linear region of solid
lines in Fig. 4B). After reaching a maximum force, the force drops
abruptly, corresponding to the complete wrapping of the
membrane around the bead and the formation of a lipid nano-
tube (Fig. 4A, panel II). The lipid nanotube can then be extended
at constant force while the bead is moved further away from the
freestanding bilayer (Video S4, ESIt). After being displaced to a
distance of 9 um from the lipid bilayer, the direction of motion of
the optical trap relative to the bilayer is reversed and the bead
moves ‘backward’ towards the lipid bilayer (the dashed lines in
Fig. 4B). The lipid tube first retracts, and eventually disappears
(Video S5, ESIt), resulting in an abrupt increase of the measured
force. At this stage, the bilayer is partially wrapped around the
bead. As the bead continues to move backward, the force
decreases linearly with the same slope as for the forward motion
(Fig. 4B and C) until the force goes back to zero when the bead is
fully released from the membrane.

B 50 PMPC, 21 °C, Forward C 50 DOPC:DPPC, 21 °C, Forward
——- PMPC, 21 °C, Backward —— DOPC:DPPC, 21 °C, Backward
= PMPC, 32 °C, Forward DOPC:DPPC, 32 °C, Forward
40| — PMPC, 32 °C, Backward 40 DOPC:DPPC, 32 °C, Backward
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e o
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Temperature, Lipid composition

Fig. 4 Pushing experiment. (A) Procedure of pushing bilayers (in forward and backward motion) with an optically trapped bead. (B) and (C) Force
displacement curves for a 2 um optically trapped bead pushing forward against a membrane, or backward (retraction), for PMPC (B) and DOPC:DPPC(3:2)
(C) membranes at 21 °C and 32 °C. (D) Membrane tension measured at 21 °C and 32 °C for PMPC and DOPC:DPPC(3: 2) membranes. P-Values on the
graphs are represented via * for p < 0.05, ** for p < 0.01 and *** for p < 0.001 calculated with Kruskal-Wallis one-way statistical analysis.
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2.3.1. Membrane tension. The membrane tension (o) is
directly extracted from the force-displacement curves and the
membrane deformations (Fig. 4B and C), by using the following
force balance on a bead pushing the membrane®® (Fig. S5, ESIT):

S (2)
7= Imscosd

where ¢ is the distance from bead centre at which the angle 0 of
the membrane is measured, and F is the force applied by the
optical trap which is derived from the linear region of the force-
displacement curves. A custom-made image-processing code was
developed to track the bead position and membrane geometry
while the membrane is being pushed, to extract § (Video S6,
inset of panel I of Fig. 4A, and Fig. S5, ESIY).

For PMPC, we find membrane tensions of 3.3 + 0.6 uN m™
and 5.04 £+ 0.9 uN m™ ", at 21 °C and 32 °C respectively. For the
binary DOPC: DPPC (3:2) mixture, we find the tensions to be
6.75 + 1 pN m ' and 9.35 & 1.9 pN m ™%, at 21 °C and 32 °C
respectively. The membrane tensions at temperatures in
between 21 °C and 32 °C are presented in Fig. S6 (ESIt). For
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both lipid compositions the significant increase in tension
takes place when heating membranes over 27 °C.

The values of tension that we obtained are similar to
tensions measured via laser-induced surface deformation for
other planar, freestanding membranes composed of PC/PE
lipid mixtures (i.e. 1.3 to 68.1 uN m™~ " for bilayers with choles-
terol molar fractions varying from 0 to 33%).”®

As a control, we did the same experiment on 16:0 18:1 PC
(POPC, Ty, = —2 °C) bilayers. The measured membrane tensions
(5.93 £ 2.07 uN m ™' at 21 °C) show good temperature stability
in the range from 21 °C to 32 °C, where POPC is expected to
remain in the fluid phase (Fig. S7A, ESIt). When comparing
PMPC, DOPC:DPPC, and POPC, the measured surface tension
is the lowest for the mixed-chain lipid PMPC.

It should be noted that the tension depends on several
factors including the experimental platform, the lipid composi-
tion, the interactions of the lipid monolayers/bilayers with the
surface of the chip, and the diffusion of lipids from the annulus
into the membrane to compensate for the increase in surface
area caused by pushing the membrane. Although tension is not
an intrinsic property of a membrane, calculating it remains
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Fig. 5 Tube pulling experiment. Overshoot (force-barrier) of the (A) membrane-to-tube and (B) tube-to-membrane transition for either PMPC or
DOPC:DPPC mixtures, at 21 °C and 32 °C. (C) Force applied with the optical tweezers to extend the tube for either PMPC or DOPC:DPPC mixtures, at
21 °C and 32 °C. (D) Bending rigidity below and above the transition temperature. Note that for the phase-separated DOPC:DPPC mixture at 21 °C, the
values are possibly measured for one of two phases, if the lipids close to the tube junction are of one specific phase. P-Values on the graphs are
represented via * for p < 0.05, ** for p < 0.01 and *** for p < 0.001 calculated with Kruskal-Wallis one-way statistical analysis.
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important for two key reasons. First, there is a current interest
in obtaining membrane tension values in freestanding planar
bilayers,”” in particular for protein-embedded membrane
experiments.”® Second, it serves as an essential intermediate
step in determining the bending rigidity when using the lipid
tube (or tether) pulling approach.

2.3.2. Lipid nanotube formation. The force-barrier to form
lipid nanotubes is biologically relevant as it is also experienced by
motor proteins that mechanically exert force on the membrane to
form LNTs.” The force required for membrane-to-tube and tube-
to-membrane transition is shown in Fig. 5A. For both PMPC and
the DOPC:DPPC mixture, the force barrier increases on average
after fluidization (at high temperature) in both the forward and
backward (retraction) motion. The force barrier, at both tempera-
tures and pushing directions, is lower for PMPC than for the
DOPC:DPPC mixture as bilayers made up of PMPC possess a lower
surface tension. The amount of pushing force required for a 2 ym
bead to push out a nanotube through a PMPC membrane
increases from 17.4 £+ 1.9 pN to 26.81 = 4.1 pN when the
membrane is heated from 21 °C to 32 °C. For the DOPC:DPPC
mixture, it increases from 34.4 £ 2.8 pN to 47.7 &+ 6.9 pN. In each
single experiment, the force barrier in backward (retraction)
motion is smaller than the forward motion from an hysteresis
effect accompanying the transition of the membrane to the tube.*

Fig. 5C shows the measured tube extension forces (F;). For
PMPC, the average tube extension force (forward and backward)
increased by about 25% when going from ripple phase to the
fluid phase. For the binary mixture, this increase is about 18%
after fluidization. The magnitude of tube extension forces that
we obtained is similar to the values reported when pushing
optically trapped beads on planar DOPC:DPPC membranes
(3.8 pN)*® or on DOPC:DOPG vesicles (5.7 pN).*

The radius of the lipid nanotubes (R,) pushed out of mem-
branes at both temperatures can be deduced from the measured
membrane tension and tube extension force via the formula

_Fog

t — m
range of 10-100 nm when tubes were pulled from DOPC or
DOPC:DPPC bilayers with either optical tweezers,*>** an atomic
force microscope®* or by the action of actomyosin filaments.®*
For PMPC membranes, the formed nanotube was calculated to
have the radius of 84 + 9 nm in ripple phase and decreased to
70 = 12 nm in the fluid phase. For the binary mixture, we calculated
the radius to be 71 + 4 nm in its two-phase state and 60 + 8 nm in
the single fluid phase. In summary, for both membrane composi-
tions, we measured a decrease in the LNT average radius in the fluid
phase compared to their phase below melting point.

2.3.3. Bending rigidity. Next, we estimate the bending
rigidity (x) of the bilayers with a tether pulling approach, by
using both the measurements of membrane tension and tube
extension force, using eqn (4):

Tube radii were previously reported to be in the

_ K
- 8nl¢

(4)
The bending rigidity for both lipid compositions at both

temperatures are reported in Fig. 5D. Our value of k measured
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from DOPC:DPPC bilayer (6.4 & 0.9 x 10~>°]) is similar to that
measured on oriented stacks of DOPC bilayers with X-ray
scattering method, i.e. 7.3 x 102° J.%5 For PMPC, we find a «
value of 4.7 + 0.7 x 10 2° J, which is in the range previously
reported for DPPC and DMPC when measured experimentally
utilizing flicker noise spectroscopy.®®

Interestingly, the measured values of bending rigidities
remain constant in the range between 21 °C to 32 °C (Fig. S6
and S7, ESIY). Previous work has reported a lowering of x when
lipid bilayers transition from gel to liquid phase.”"*”*® In our
experiments with PMPC, we probe the transition from ripple to
fluid phase (as opposed to gel to fluid), which possibly explain
our temperature-stable values of «, also consistent with a pre-
vious observation that the decrease in x appears to be sharper
around Ty than T,,.*” Also, PMPC is a saturated mixed-chain
lipid, and molecular dynamics simulations have shown less
variation of x around 7,, for a mixed-chain lipid compared to
its symmetric-chain counterpart.® Interestingly, a sizeable frac-
tion of PC lipids constituting biological membranes are satu-
rated mixed-chain lipids,”>®" just like PMPC; and they are shown
to provide temperature stability to membranes.’***

In addition to the tether pulling approach,’ several other
methods have been used to measure bending stiffness (e.g.
fluctuation spectroscopy, optical dynamometry) using different
assumptions and leading to different values for the measured
k. An inherent limitation of the tether pulling approach is that
the phase and composition of the lipid bilayer is uncertain at
the junction between the flat membrane and the newly formed
tube. In PMPC bilayers, ripples possibly do not form in the
vicinity of the tube. As for the phase-separated DOPC:DPPC
mixture (below Ty,), the area where the tube is being pulled
from the freestanding membrane is possibly always in a spe-
cific phase due to lipid sorting,””°® and therefore the bending
rigidity value calculated below Tj, could represent only one
specific phase within the phase-separated DOPC:DPPC bilayer.

3. Conclusion

We used optical tweezers to investigate the mechanical proper-
ties of two types of vertical freestanding membranes with
coexisting ordered-disordered lipid regions: (i) domain-
forming DOPC:DPPC and (ii) ripple PMPC. For this purpose,
we developed a thermally controlled microchip that enables
robust and highly reproducible bilayer formation in a high-
throughput manner due to its integration with a bubble trap-
ping system and its fluidic design.

Utilizing optical tweezers on the chip, we characterized how
the fluid slip at the interface of ripple PMPC lipid bilayers
increases after they undergo a fluid transition. Additionally, we
showed that the mixed-chain counterpart of DPPC, i.e. PMPC,
possesses a higher degree of fluid slip. We also studied the
force barrier for membrane-to-nanotube and nanotube-to-
membrane transition in freestanding planar bilayers. We
showed in both compositions, that the membrane-to-tube force
barrier is higher in the fluid phase compared to the phase

This journal is © The Royal Society of Chemistry 2024
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below the melting point. Further, we demonstrate that for
both lipid compositions, the membrane tension increases
upon heating.

PMPC membranes show a temperature stable rigidity, while
being mechanically more flexible (lower tension and bending
rigidity) and also less susceptible to oxidations due their
saturated structure,’” making them good candidates for various
drug-carrier applications.”””%°

The novel tools developed here are well suited for the
systematic mechanical characterization of diverse lipid compo-
sitions during phase transition, which could elucidate other
uncharted aspects of cell membrane biophysics.

4. Methods and experimental

4.1. Microfabrication

We fabricated NOA81 microfluidic chips integrated with ther-
mocouples for our experiments. The fabrication of the NOA81
chip requires the preparation of a master and a minor mold
which are described in this section. This is because casting
NOAS1 directly on the conventional SU-8 master molds would
not allow for easy demolding due to the high stiffness of both
the silicon wafer and the NOA81 cured polymer. We therefore
used an intermediate minor mold made of PDMS.

4.1.1. Fabrication of the molds. We implemented conven-
tional lithography by etching SU-8 on top of a silicon wafer
(Siegert CZ Si, N-type (Phosphorous), 4”, 525 pm thick,
100 oriented, 1-10 Q cm) to make the master mold (MicroFab-
space, IBEC, Spain). The height of the rectangular channels
throughout the mold was 115.6 £+ 1.9 pm. To make the minor
PDMS mold, the following steps were followed: PDMS and its
curing agent (SYLGARD 184%) with 10:1 ratio were well mixed,
degassed in vacuum, and then casted on the master mold and
degassed again. Afterwards it was cured in an oven at 85 °C during
8 hours. Finally we diced out the PDMS from the master mold and
performed surface silanization (tri-chloro (1H,1H,2H,2H-perfluo-
rooctyl)silane (PFOTS, Sigma-Aldrich)) in a desiccator under
vacuum. For the silanization, we connected 50 pL of the silane
in a glass tube to the vacuumed chamber with a well-sealed
connector for at least 2 hours such that the silane is vaporized
and treats the surface of the mold.

4.1.2. Device fabrication protocol. The flow cells were
fabricated by casting NOA81 (Norland Products) on the PDMS
mold and placing the tip of the custom-made k-type thermo-
couple from Alumel and Chromel wires (TFAL-003 and TFCY-
003, Omega) inside the liquid NOA. Then, a clean glass slide
(Corning Micro Slides, thickness: 0.96 to 1.06 mm) was depos-
ited on top of the liquid NOA. The flow cell was then exposed to
UV (Promed UVL-36 with four UV-9W-L bulbs) for 5 minutes.
Afterwards, the PDMS minor mold was removed, inlet/outlet
ports were drilled, and the channels were closed by bonding a
cover slip (Deckgléser, thickness: 170 £+ 5 um) previously spin-
coated with NOAS1 (partially UV-cured for 60 seconds). Finally,
a 10-minute UV exposition is applied and the chip was then
baked for 8 hours on an 85 °C hot plate.

This journal is © The Royal Society of Chemistry 2024
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4.2. Heating and temperature control

To precisely control the temperature of the chip, a proportional
integral derivative (PID) heating system was installed on the
objective. Two k-type thermocouple were used to monitor the
temperature inside the chip at the edge of the objective. During
the experiment, the top layer of the chip was in contact with the
condenser. The room temperature was maintained at 21 °C.
The chip was mounted on the optical tweezers setup. Then, the
objective wrapped in wire elements was heated by applying voltage
(Fig. S1, ESIY). For thermal stabilization, the chip was kept at each
temperature for 120 minutes and then the optical tweezers experi-
ments were started. We set the heat flux at 0.3 °C min~' when
assigning any specific temperatures to the membrane.

4.3. Lipids and membrane formation

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine  (DPPC), and palmitoyl-
myristoyl-PC (PMPC) in chloroform (10 mg mL ') and 1-
palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) in chloro-
form (25 mg mL™") were all purchased from Avanti (Sigma-
Aldrich), stored at —20 °C, and used directly without further
purification. For the mixture, 3:2 molar ratio of DOPC: DPPC
was prepared at 10 mg mL~". To prepare the aqueous phase, a
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonicacid (HEPES)
solution was adjusted to pH 7.4 with concentrated KOH, and KCl
(150 mM) and bovine serum albumin (BSA, 0.5 mg mL ') were
added, and the aqueous buffer was filtered with a 0.2 um sterile
filter. Afterwards, 2 pm beads (real diameter = 1.93 pm, Poly-
sciences Inc.) were diluted 25000 times in the aqueous buffer.
A ProSense NE-30 syringe pump was used to infuse the flow into
the chip. To do so, a syringe connected to tubing is filled with the
buffer and mounted on the syringe pump. Using another syringe,
lipid containing chloroform is injected at the tip of the tube, which
is later connected to the chip inlet. Immediately after the
membrane formation, the interface appeared optically as a thick
dark-bright film. In the first few minutes, the solvent was absorbed
rapidly until only a thin, nearly invisible interface remains. While
membranes were formed, the pump was running at high-flow
rates (5 uL min ") until all the chloroform has been pushed out of
the chip. During this time, the membranes were vibrating slightly
due to the instabilities caused by the pulsatile nature of the syringe
pump’s flow. After the chloroform has been pushed out comple-
tely, the pump was stopped. Experiments were conducted on
membranes between 2 to 8 hours old.

4.4. Optical tweezers experiments

The optical tweezers (OT) methods for both the shearing and
pushing experiments are described previously.?®*° All experi-
ments were performed at 30 pm above the surface of the flow
cell. For the shearing experiment, the traveling distance was
25 um with a rate of 100 pm s~ '. A 1.2 NA water immersion
objective (FI Plan Apo VC 60x, Nikon) was used to optically trap
a bead inside microchannels mounted on a piezostage (NANO-
LPS100, Mad City Labs) with a 1064 nm trapping laser (YLR-10-
LP-Y12, IPG Laser) and a 830 nm detection laser (LDT830-30GC,
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TOPAG). Anti-aliasing filtering and pre-amplification (10 dB)
was performed with a KROHN-HITE 3364 on the voltage signals
from a position sensitive detector (PSD, DL100-7-PCBA3, First
Sensor). In the pushing experiment, fine positioning of the
bead relative to the membrane was controlled with the piezo
stage. The stage was moved sequentially in steps from 0.03 pm
to 0.08 pm, and at each position, the data collection was done
in a quasi-static manner by recording the PSD signal during
0.5 second, at a sampling rate of 1 kHz with a cut-off frequency of
500 Hz. For setup calibration, trap stiffness calculation, bubble trap
quantification (flow measurement through the gap), and shearing
experiments, signals were sampled at 50 kHz with a cut-off
frequency of 24.5 kHz. All the signals from the PSD were processed
and converted to nm and pN with a custom-made python code.

For the flow measurements to quantify the effect of the
bubble trap, a similar process to the membrane formation
procedure was followed. This time, chloroform, free of lipids,
was injected into the channels followed by HEPES containing
2 pm beads. After stabilization, the inlet port remained con-
nected to the pumping line and the outlet was not sealed.
A 2 pm bead was trapped at the centre of a gap while the pump
was pushing at 2 pL, min~" and the signal was measured during
6 seconds.

4.5. Image processing for surface tension measurements

To track the membrane and the bead, a CMOS camera
(DCC1545M, Thorlabs GmbH) with 11.5 px pm™' resolution
was used to record videos of pushing experiments at 14 fps.
Videos are converted to tiff format, cropped, and filtered with a
FFT band pass filter for contrast enhancement in Image].
Modified tiff files were then analysed with a custom Matlab
script to obtain the deformation angle (Fig. S5 and Video S6,
ESIY). To track membrane deformation while being sheared, a
high-speed sCMOS camera (LaVision PCO.edge, 75 fps) was
used. AVI videos were recorded and analysed directly in Image].

4.6. COMSOL simulation

COMSOL Multiphysics 6.2 simulation was conducted using a 3D
stationary heat transfer in solid model. The objective, microfluidic
chip and condenser were reproduced using built-in thermal
properties of the COMSOL library: aluminium for the objective
and condenser core (density: 2700 kg m >, thermal conductivity:
238 Wm™ ' k™, heat capacity: 900 ] kg™ k™), silica glass for the
lenses and the chip (density: 2203 kg m >, thermal conductivity:
1.38 W m~" k', heat capacity: 703 J kg~' k™"). The thermal
properties of NOA81 were approximated to be the same as those
of acrylic plastic (density: 1190 kg m™3, thermal conductivity:
0.18 Wm ™' k', heat capacity: 1470 ] kg~ k™ ') and condenser oil
as vegetable oil (temperature-dependant physical properties were
directly used from the COMSOL library). All surfaces not assigned
with fixed temperatures as boundaries were assigned as surface-
to-ambient radiation boundary conditions.

4.7. Statistical

Results shown on Fig. 2 were obtained from experiments
repeated 3 times for each condition. Results shown on Fig. 3-5
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were obtained from experiments repeated on at least 4 mem-
branes from at least 3 different chips. For each experiment, a
new bead was trapped. A Kruskal-Wallis one-way statistical
analysis was executed, utilizing a significance criterion of
p = 0.05 to ascertain significance. Calculated p-values for data
presented in Fig. 3, 4B, 4C, 5A and B are tabulated in the ESI}
(Tables S1 and S2). P-Values on the graphs are represented via
* for p < 0.05, ** for p < 0.01 and *** for p < 0.001. Error bars
in all figures represent the standard deviation of the data. In the
box plots in all figures, the box shows the quartiles, the hor-
izontal line is the median, and the whiskers are extending to the
most extreme data points.

Data availability

The data that supports the findings of this study are available
from the corresponding authors upon reasonable request.
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