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Phospholipid asymmetry in biomimetic vesicles
alters membrane permeability

Paige Allard, ab Alex R. McDonald,ab Kaitlyn Ramsay ab and
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Artificial cell membranes are rarely able to capture a key structural

component of biological cells, namely the asymmetric distribution

of phospholipids in the inner and outer leaflets. Here we show a

straightforward method for generating biomimetic asymmetric

vesicles that mimic the composition of human red blood cells using

a plug-and-play microfluidic device. Small molecule diffusion was

compared between symmetric and asymmetric vesicles using qui-

nine hemisulphate. Asymmetric vesicles showed an 85% lower

permeability than symmetric vesicles, suggesting that asymmetry

is an important, yet undervalued, consideration in the design of

vesicles for a variety of applications from the fundamental study of

drug-membrane interactions to the use of vesicles for drug delivery.

Cell membranes are highly discriminatory barriers separating
cellular compartments from the outside environment. The
mammalian cell membrane is a bilayer composed of a hetero-
geneous and asymmetric distribution of phospholipids in the
inner and outer leaflets, as well as other molecules such as
cholesterol and proteins. This asymmetric distribution of
phospholipids affects fundamental characteristics such as
membrane potential, shape, surface charge and stability,
with loss of asymmetry causing significant physiological
consequences.1 For example, the externalization of phosphati-
dylserine (PS), a lipid which is primarily contained in the inner
red blood cell leaflet, to the outer leaflet has been linked to
blood coagulation and erythrocyte adhesion.1 The loss of
asymmetry between bilayers can also be a marker of cancer
cells, and we have used another type of artificial cell membrane
(droplet interface bilayers, DIBs) to show that this can poten-
tially contribute to chemoresistance.2 While there is some
enticing prior work to show that lipid asymmetry in artificial
vesicles alters lipid diffusion, packing and fluidity,3 as well as

improving mRNA drug delivery,4 the link between lipid asym-
metry and membrane permeability in vesicles is not clear.

Artificial vesicles are made of a phospholipid bilayer sur-
rounding an aqueous core.5 They are commonly used as drug
delivery vehicles, for example to prolong the release of drugs in
the human body,6 and to investigate fundamental biophysical
properties of human cell membranes,3 such as mechanisms of
protein insertion.7 However, they are typically generated with a
symmetric composition of synthetic phospholipids in the
bilayer,8 limiting the biomimetic properties of the model
membranes. The creation of asymmetric artificial vesicles is
challenging because most manual techniques rely on sponta-
neous bilayer formation from phospholipids in a single
solution of phospholipids.9,10 Asymmetric artificial vesicles
can be produced in bulk from synthetic lipids using methods
such as reverse phase evaporation, calcium ion induced flip-
flop, cyclodextrin exchange and the use of enzymes to induce
lipid flip-flop.8 However, bulk methods suffer from issues with
monodispersity, unilamellarity and often result in only partial
asymmetry.10 The use of microfluidic technologies for the
formation of vesicles has enabled tighter control over lamellar-
ity and vesicle size.5,11 However, the specialized expertise
required to fabricate and operate microfluidic devices, along
with the additional steps needed to generate asymmetric lipid
bilayers, may explain why only a few studies report the use of
microfluidic technologies to produce asymmetric vesicles.12–19

The plasma membrane of red blood cells is well character-
ized and displays a distinct asymmetric distribution of phos-
phatidylcholine (PC), phosphatidylethanolamine (PE),
sphingomyelin (SM) and PS between the inner and outer
leaflets. Although asymmetric vesicles have been used to inves-
tigate protein insertion,14 membrane fusion,20 and bending
rigidity,21 direct quantitative comparisons of drug permeability
between symmetric and asymmetric membranes of identical
lipid composition are lacking. This represents a significant gap
in our understanding of how membrane structure influences
passive diffusion in cell-sized vesicles, with implications for
drug delivery and predictive pharmacokinetic modeling.
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Here, we present a straightforward microfluidic method to
make asymmetric vesicles from complex lipid mixtures that
mimic the composition of eukaryotic cell membranes. To
ensure accessibility for non-expert users, we used a plug-and-
play microcapillary platform recently developed in our group22

and repurposed it for vesicle generation. We use parameters
that replicate physiological conditions including pH, tempera-
ture, and scale, and demonstrate that our method fabricates
asymmetric, unilamellar vesicles resembling red blood cell
membranes, enabling quantification of passive diffusion. A
common microfluidic method to form symmetric vesicles is
via double emulsions, where one droplet is created inside
another.23 Here, we form double emulsions consisting of three
immiscible phases: an inner aqueous phase (dark blue, Fig. 1a
and b) containing the lipid(s) for the inner leaflet; a middle oil-
based phase (yellow, Fig. 1a and b) that promotes monolayer
formation in the correct orientation; and an outer aqueous
phase (light blue, Fig. 1a and b) containing the lipid(s) for the
outer leaflet. The oil phase then de-wets, allowing the mono-
layers to assemble into a bilayer surrounding the aqueous core
(Fig. 1c). The device consists of two junction boxes cast from
flexible polyurethane resin using 3D-printed moulds (Fig. 1a).
These boxes hold and align the three capillaries that generate
the emulsions. The resin provides an effective seal around the

capillaries without adhesives or sealants. The inner capillary is
glass (ID = 0.20 mm, dark blue, Fig. 1a), the middle is
polytetrafluoroethylene (PTFE) tubing (ID = 0.75 mm, yellow),
and the outer is silane-treated glass (ID = 1.5 mm, light blue).
The first junction box holds the inner and middle capillaries,
enabling the formation of the initial water-in-oil droplets, while
the second junction box introduces the outer aqueous phase to
create water-in-oil-in-water double emulsions.

The inner and outer aqueous phases (dark and light blue
respectively, Fig. 1b) contained the phospholipid mixtures for
the inner and outer leaflets, and the middle oil phase was
50:50 v/v chloroform:hexanes (yellow, Fig. 1b). A syringe
pump was used to dispense each solution at a flow rate of
50 mL min�1, 100 mL min�1 and 200 mL min�1 for the inner,
middle and outer phases, respectively. Double emulsion for-
mation was observed at an average rate of 1.4 � 0.2 droplets
per second. The double emulsions were then collected into 4-(2-
hydroxyethyl)-1-piperazineethane sulfonic acid (HEPES) buffer
at pH 7.4. The double emulsions de-wetted within 15 min of
collection as the oil phase thinned sufficiently to cause a
spontaneous rearrangement of the phospholipid molecules in
the inner and outer phases (Fig. 1c).9

To quantitatively assess whether both unilamellar and asym-
metric vesicles were formed, we used fluorescence quenching
assays to verify that their structure mimics a natural lipid
bilayer in terms of lamellarity and asymmetry.24 For these
assays, we used similar synthetic phospholipids as prior work
as a proof of concept.25 Vesicles were formed with 100% 1-
palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) in the
outer leaflet and 75% 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE) with 25% POPC in the inner
leaflet, since this ratio reduces phospholipid flip-flop and loss
of asymmetry caused by differing lipid shapes.26 Green-tagged
fluorescent phospholipids (NBD-PC, 1 mol%) were added to
both leaflets (to prove unilamellarity) or to either the inner or
the outer leaflet (to prove asymmetry). In both cases, a quench-
ing solution (100 mM sodium hydrosulphite in 1 M Tris, pH 10)
was added to the outside of the vesicles. The quencher reduces
NBD-tagged phospholipids, extinguishing the fluorescence.
Since the quencher cannot diffuse across the bilayer,24 only
NBD-tagged phospholipids in the outer bilayer are extin-
guished. Vesicles were first imaged 2 h after formation to
ensure complete de-wetting. Then B75 mL of quencher was
added, and images were taken every 10 s for 150 s.

The lamellarity of the vesicles was determined by adding
green fluorescent NBD-tagged phospholipids to both the inner
and outer leaflets. Following the addition of the quencher to
the outside of the vesicles, fluorescence was reduced to 50%
(Fig. 2a).27 If more than 50% fluorescence signal had remained
following quenching, then the vesicles would be multilamellar
because more bilayers containing green-tagged lipids would be
present inside the vesicle.18,27 Proof of the asymmetry of the
vesicles was determined by adding green fluorescent NBD-
tagged phospholipids first only to the inner leaflet. NBD-
tagged lipids showed no reduction in fluorescence after adding
the quencher (Fig. 2b, dark grey data). This indicates that the

Fig. 1 Asymmetric vesicle generation using a microcapillary device. (a)
Schematic of the microcapillary device used to generate vesicles. Dark
blue indicates the glass capillary containing the inner aqueous phase
(phospholipids in HEPES buffer, 2% w/w PVA and 8% w/w PEG), yellow
indicates the PTFE tubing containing the middle oil phase (50:50 chlor-
oform:hexanes) and light blue indicates the surface-treated glass capillary
containing the outer aqueous phase (lipids in HEPES buffer, 10% w/w PVA,
and 0.5% w/w F-68 Pluronic). Junction boxes made of polyurethane hold
the tubing and capillaries in place. Water-in-oil droplets (dark blue) are
formed first, and they are then encapsulated in the outer phase (light blue)
to form water-in-oil-in-water double emulsions. (b) Schematic showing
how the double emulsions are used to form asymmetric vesicles through
de-wetting of the oil phase (yellow). (c) Brightfield image of oil removal
from the double emulsion observed off-chip.
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inner solution phospholipids were indeed entirely present in the
inner leaflet. Texas Red-tagged lipids were added to the outer
solution to control for photobleaching and also showed no
decrease in fluorescence (Fig. S1, SI). Vesicles were then gener-
ated with green fluorescent NBD-tagged phospholipids present
only in the outer leaflet. Texas Red-tagged lipids were added to
the inner solution to show that both lipid solutions are incorpo-
rated into the vesicles (Fig. S2, SI). NBD-tagged lipid fluorescence
showed a total reduction in fluorescence after adding the
quencher (Fig. 2b, light grey data). In addition, an Annexin V
binding assay was performed which confirmed the expected
leaflet-specific localization of PS (Fig. S3, SI). Both assays show
that the outer solution phospholipids were assembled in the
outer leaflet, confirming that the vesicles are asymmetric.

We then generated asymmetric vesicles designed to mimic
the membrane of red blood cells using phospholipid mixtures
similar to those found in mammalian red blood cells.28 Cho-
lesterol was not included since it would shift permeability in
the same manner in both symmetric and asymmetric vesicles.
Four lipids (POPC, POPE, SM and 1-palmitoyl-2-oleoyl-sn-gly-
cero-3-phospho-L-serine, POPS) were added to the inner or outer
phases depending on the ratio of their distribution in red blood
cell membranes (Fig. 3a).29,30 To assess and demonstrate the
impact of asymmetry in phospholipid composition on perme-
ability, we also prepared vesicles using the same phospholipids
but equally distributed in both the inner and outer leaflets. We
defined this as mean mol% of each phospholipid added to the
inner and outer leaflets (Fig. 3a).2

Asymmetric and symmetric vesicles were generated using the
microcapillary device with the same conditions described pre-
viously. The asymmetric vesicles had an average size (diameter)
of 11 � 4 mm (lilac data, Fig. 3b), while the symmetric vesicle
sizes had an average size of 14 � 5 mm (teal data, Fig. 3b). The
observed size difference is significant (p = 0.0103, unpaired t-test)
and may arise from differences in membrane curvature stress
and lipid packing,2,31 as lipid shape contributes to the

spontaneous curvature.32 The larger proportion of conical PE33

in the inner leaflet would drive the formation of a smaller core of
the vesicle. To assess the impact of asymmetry on permeability,
quinine hemisulphate, a membrane-permeable anti-malaria
drug, was loaded into the vesicles by adding it to the inner
solution during vesicle formation with an average encapsulation
efficiency of 94 � 4% (Fig. S4 and Table S1, SI). The fluorescence
intensity was monitored over time by imaging the vesicles every
5 min for 45 min, with the intrinsic fluorescence of quinine
serving as a reporter of the vesicle drug concentration. Normal-
ized fluorescence over time (Fig. 4a) revealed a more rapid signal
loss in symmetric vesicles (teal data) compared to asymmetric
ones (purple data). We calculated permeability coefficients and
found symmetric vesicles exhibited a mean permeability of
2.88 � 10�8 cm s�1, while asymmetric vesicles showed a signifi-
cantly lower permeability of 4.29 � 10�9 cm s�1 (p = 0.0053,
Fig. 4b). While the symmetric vesicles were slightly larger, the
calculated permeability values remain directly comparable as the
equations account for differences in the bilayer area. This
corresponds to an 85% reduction in quinine permeability due

Fig. 2 Determining vesicle lamellarity and asymmetry. (a) Lamellarity was
verified by adding NBD-tagged lipids (green) to both the inner and outer
leaflets at the same time. The graph shows normalized NBD fluorescence
over time. The left inset shows a zoomed-in graphic of the bilayer, with
green lipids showing the location of the NBD-tagged lipids in the inner and
outer leaflets. The right inset shows the loss of fluorescence in the outer
leaflet. (b) Asymmetry was verified by adding NBD-tagged lipids either to the
inner (dark grey, top data) or outer leaflets (light grey, bottom data). In both
(a) and (b), the quencher was added outside the vesicles at t = 5 s (shown by
arrows on the graphs), n = 3 and error bars denote standard deviation.

Fig. 3 Vesicles that mimic the phospholipid composition of red blood cell
membranes were generated with symmetric and asymmetric lipid distri-
butions. (a) Distribution of phospholipids in the inner and outer leaflets of
the vesicles. Symmetric lipid distributions were calculated as the mean
mol% of each lipid type present in the asymmetric vesicles. (b) Histogram
showing the distribution of diameters of asymmetric (purple, n = 33) versus
symmetric vesicles (teal, n = 31).

Fig. 4 Lipid asymmetry causes differences in drug permeability. (a) Nor-
malized fluorescence intensity of quinine-loaded asymmetric (purple) and
symmetric (teal) vesicles over time. Both are made with lipids that mimic
red blood cell membranes and loaded with 5 mg mL�1 quinine hemi-
sulphate. Images were taken every 5 min to observe quinine diffusion out
of the vesicles. (b) Box plot of calculated permeability coefficients for
symmetric (teal) and asymmetric (purple) vesicles (**p = 0.0053). In both
(a) and (b), n = 3 and error bars denote standard deviation.
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to lipid asymmetry, suggesting that passive diffusion of small
molecules can be dependent on the location of the lipids within
the membrane, even when the overall lipid composition remains
constant.

The lower permeability observed in asymmetric vesicles may
be due to tighter lipid packing in one or both leaflets, or
reduced fluidity caused by interleaflet coupling.32 Additionally,
a higher amount of SM in the outer leaflet could allow for more
rigid and tightly packed lipids, which may contribute to
reduced permeability due to the formation of tightly packed
lipid rafts.34 Similar effects have been reported in previous
studies, where planar asymmetric membranes exhibited lower
passive diffusion rates due to altered lipid dynamics and
increased order.35 Recent work has shown that red blood cells
which had their lipid asymmetry scrambled to become sym-
metric were 35% more permeable to a fluorescent dye than
naturally occurring asymmetric red blood cells.36 Our data are
in line with these findings, suggesting we can recreate the effect
asymmetry has on small molecule permeation in natural cells
in our artificial vesicles. Further investigation into the exact
mechanism is necessary in future work.

Our findings highlight the critical role of membrane struc-
ture (asymmetry) in regulating small molecule permeability.
This underscores the importance of lipid organisation in
designing model membranes that more accurately reflect the
structure and function of biological systems. A major limitation
in the field has been the technical difficulty of producing
asymmetric membranes. Our microcapillary-based method
offers a significant advantage as it is accessible to non-
specialists, thus lowering the barrier to wider adoption. The
ability to easily recreate key features of natural membranes,
such as lipid asymmetry, in artificial vesicles will enable their
use as more physiologically relevant models for studying
membrane dynamics, drug transport, and disease-related
membrane dysfunction, as well as introducing an additional
consideration in the design of vesicles for drug delivery.
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