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Abstract

There is a long-term interest in creating artificial biomimetic membranes where self-assembled 

phospholipid bilayers are selectively permeabilized by synthetic channel-like molecules. One 

example is the coassembly of amphiphilic block copolymers with phospholipids into a hybrid 

membrane. Hybrid phospholipid block copolymer bilayers display many properties, seen in 

biomembranes such as selective transport phenomena, synergistic elastic properties, and structural 

phase transformations. Just like in biomembranes, these fundamental properties of hybrid bilayers 

are often regulated by lateral phase separation. Understanding the molecular and physical cues that 

determine the formation of rafts or domains in hybrid membranes, their size, and morphology is 

paramount to elucidating and programming their function. Employing a combination of coarse-

grained molecular dynamics simulations and high-resolution cryogenic electron microscopy, 

we discovered that phosphatidylcholine-cholesterol bilayers hybridized with poly(butadiene-b-

ethylene oxide) develop two distinct phase-separated morphologies. At molar fractions of polymer 

above 10 mol % the expected molecular distribution into lipid-rich and polymer-rich domains is 
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observed. However, at low polymer content, a new structure develops in which the bilayer leaflets 

unzip (but remain continuous) to incorporate nanodomains of hydrophobic butadiene globules. 

We conjecture that unzipping is energetically more favorable than sustaining the hydrophobic 

mismatch between butadiene blocks and phospholipid acyl chains. These findings offer new 

insights into the morphology of biomembranes upon the insertion of transmembrane proteins with 

bulky hydrophobic residues.

Graphical Abstract

INTRODUCTION

Effective materials and methods for creating biomimetic cell membranes1,2 are essential 

for understanding biological processes of selective transport and for the development of 

new systems relevant for biotechnology and pharmaceuticals.3,4 The most fundamental 

artificial membrane was developed 25 years ago by Hammer and co-workers5 where, akin to 

biological phospholipids, amphiphilic block copolymers self-assemble into bilayer vesicles 

having radii ranging from 50 nm to 5 μm or more. Polymer- and lipid-based membranes can 

adopt analogous yet diverse forms6,7 but have distinct mechanical properties, permeability, 

and lateral diffusivity. Amphiphilic block copolymers have enormous chemical versatility 

by incorporating functional groups with selectivity to small molecules, ions, and charges. 

This has motivated the effort to create chimeric membranes, engineered to integrate the 

desired properties from both lipid and polymeric components.8–16 Such hybrid membranes 

have been shown to be advantageous in a number of applications such as hydrophobic 

drug encapsulation and directed drug permeation,9–11,13 protein folding/activity,17–20 

molecular21,22 and heat transport,23 as well as expanding the structural phase space.14

Similar to how biomembranes that are loaded with transmembrane proteins and cholesterol 

can form rafts,24 insertion of amphiphilic polymers often results in the formation of 

polymer-rich and lipid-rich domains.8,25–27 The enhanced properties of hybrid membranes 

are almost always controlled by the process of lateral phase separation and the in-membrane 

interactions between polymers and lipids. For example, we have shown that amorphous 

butadiene blocks, upon membrane insertion, can fluidize all-trans phospholipid acyl 

chains.9,10 Moreover, highly hydrophobic drugs have been shown to accumulate at the 

interface between polymer and lipid domains,11 leading to enhanced drug permeation.9
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Understanding the process of domain formation in hybrid membranes, as well as 

characterizing the spatial distribution and in-membrane interaction of polymers and lipids 

with molecular detail, is fundamental to enabling the design and functionality of artificial 

membranes. This insight is essential to understand analogous membrane-based phenomena 

in biology, such as neutral fat accumulation in the endoplasmic reticulum bilayer at the onset 

of lipid droplet organelle biogenesis.28 Moreover, nitrogen accumulation,29 nanoplastics,30 

and nanoparticles31,32 in lipid bilayers involve domain formation, as well as the synthesis of 

hydrophobic polymers in vesicles.33–35 Insights into domain and macrophase separation 

in hybrid membranes will also help explain why these systems effectively suppress 

drug crystallization and enhance hydrophobic drug permeation.9,10 Hybrid systems, in 

both bulk and nanoparticle forms, consistently outperform pure systems in encapsulating 

low-solubility drugs,13 making them particularly advantageous for biotechnological and 

pharmaceutical applications.

Several studies of hybrid polymer–lipid membranes suggest that there are conditions at 

which microscale lipid-rich or polymer-rich domains8,9,11,16,22,23,25,27,36–41 develop (which 

we refer to as type 1). Otherwise, lipids and polymers are said to molecularly mix.8,21,42–47

A myriad of tools15 are available and have been used to inspect microscale domains 

such as optical microscopy, atomic force microscopy, and X-ray scattering,8–11,13,14,25,26,38 

normally characterizing two distinct membrane thicknesses.9,10,13,25,37–39,48–50 However, 

nanodomains can be hard to distinguish from molecularly mixed systems.8,21,42,43,45,46,51 

With high-resolution cryogenic electron microscopy (cryo-EM), Beales and co-workers52 

identified populations of hybrid (POPC:PBD-b-PEO) nanoparticles with two distinct 

thickness; however, they never identified nm size domains. For a system with significant 

polymer content (≥20 mol %) we clearly observe coexisting thick polymer-rich and thin 

lipid-rich type 1 domains in hybrid vesicles (Figure 1d, left). Mesoscale simulations using 

dissipative particle dynamics have demonstrated the formation of type 1 nanodomains at 

high polymer concentrations with short polymer chains,53 and coarse-grained molecular 

dynamics by Jeuken and co-workers54 using the Martini model have suggested the 

coexistence of thick and thin phases.

While microscale domains are easy to detect and rationalize, the formation of several lateral 

nanodomains (which would generate many high-energy interfaces) is difficult to realize, 

especially for systems where there is a large hydrophobic mismatch (~5 nm) between 

polymers and lipids.19,30,50,52,55,56 Solid-state nuclear magnetic resonance (ssNMR) data10 

suggest that, at the nanoscale, amorphous polymer blocks continuously fluidize lipid 

acyl chains. Otherwise, the available tools to characterize the structure of domains with 

molecular-level detail are rather limited, highlighting the need for computer simulation 

methods. In this work, we employ coarse-grained molecular dynamics simulations and 

high-resolution cryo-EM imaging to uncover a new phase separation morphology, type 

2, in polymer–lipid hybrid membranes. We found conditions at which bilayer leaflets 

unzip to accommodate nanosized globules of self-assembled hydrophobic polymer blocks, 

demonstrating an intermediate phase separation behavior seen with inorganic and polymeric 

nanoparticles31–35 but not self-assembled amphiphilic copolymers.
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RESULTS AND DISCUSSION

We combine MD simulations with cryo-EM to investigate the composition regimes leading 

to different types of domains in membrane vesicles. Simulations were parametrized using 

Martini v357 and executed in isobaric–isothermal conditions (Pz = 1 atm, Px = Py = 0 atm, T 
= 298 K) with HOOMD-blue.58 Vesicles are prepared by microfluidic nanoprecipitation 

which is known to yield size and compositional uniformity.13,59–62 The “lipid” inlet 

comprises ethanol-dissolved DPPC:Chol at a 50:50 mol % (1,2-dipalmitoyl-sn-glycero-3-

phosphocholine:cholesterol) and polymer PBD-b-PEO (poly(butadiene-b-ethylene oxide) 

with PBD block of 2500 g/mol and PEO block of 1500 g/mol (PBD block rich in trans 

1,4 microstructure), and the aqueous inlet is DI water (Figure 1a). While many studies use 

a shorter polymer,52,54,55 we have chosen a relatively long polymer (46 monomer repeat 

units) to explore the hydrophobic mismatch between molecules of significantly different 

size, which form hybrid membranes as shown here. In addition, other studies used PBD rich 

in cis 1,2 microstructure.52,54,55 We note that the two isomers possess similar Kuhn lengths 

and hydrophobicities, yielding similar macromolecular behavior.

Cryo-EM enables direct imaging of nanoscopic domains in biomembranes63,64 and hybrid 

polymer–lipid membranes,52 detecting (sub)nm variations in bilayer thickness. Figure 1d, 

left, shows a cryo-EM image of type 1 phase-separated hybrid (20 mol % block copolymer) 

vesicles, and Figure 1d, right, shows three samples at different compositions that were 

synthesized separately but mixed in the grid such that all vesicles are exposed to the same 

electron beam dosage. Three distinct membranes are clearly observed in Figure 1d, right: 

lipid-rich, thin, and darker due to phosphate groups (L), thicker, lower-density polymer-rich 

(P), and hybrid (10 mol % block copolymer) (H). Additional images of L, P (Figure S13, 

which shows assembly of both worm-like micelles and vesicles), and H vesicles are shown 

in Figures S10–S12. Figure 1b shows a simulation snapshot of a hybrid system comprising 

10 mol % block copolymer. This indicates the presence of type 2 domains where lipid 

monolayers unzip to accommodate the PBD block, akin to a mixed lipid-block copolymer 

micelle (Figure 1c) embedded in the lipid bilayer. The cryo-EM image in Figure 1e is fully 

consistent with the MD result showing a lens-shaped domain in the membrane. A profile of 

the electron density of the lens domain (Figure 1g) shows a high-intensity peak due to the 

continuous presence of phosphate lipid headgroups at the domain interface. A zoomed-in 

image, electron density profile, and simulations (parts f, h, and c of Figure 1, respectively) 

clearly show that the lens domain has mixed-micelle character. The electron density profile 

analysis (Figure 1g,h) reveals distinct high-density regions corresponding to phospholipid 

headgroups and low-density regions representing hydrophobic bilayer cores, indicating the 

presence of PBD and lipid acyl chains within the lens-shaped nanodomain. These variations 

are evident in cryo-EM images, allowing us to differentiate between polymer (P), lipid (L), 

and hybrid (H) membranes.

While both type 1 and type 2 domains are polymer-rich with some amount of lipids, type 2 

domains are distinct from the previously reported morphologies because of the presence of 

three qualities: (1) They contain a continuous monolayer of lipids on both sides of the leaflet 

(as shown in Figure 1b,e,g). (2) They exhibit the coexistence of thick and thin phases in a 

single nanoparticle. (3) The lipid and polymer phase-separate such that the polybutadiene 
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occupies the interior space of the bilayer. Type 1 domains satisfy only (2).16 The thick but 

homogeneous membranes discussed by Beales and co-workers52 satisfy (3) and potentially 

(1) but not (2). The realization of the type 2 domains suggests that these self-assembled 

systems have several mechanisms to resolve the hydrophobic mismatch inherent to a hybrid 

system. Likewise, we hypothesize that interfaces between type 1 domains in macrophase 

systems could contain similar “unzipped” regions near the interface to provide a gradual 

transition over the thickness mismatch.

Leaflet unzipping and the formation of membrane-embedded “fat” lenses are well-known 

in biomembranes during the process of lipid droplet (LD) biogenesis.28 In-membrane 

liquid–liquid phase separation leads to neutral fat accumulation in lens-shape micelles 

at the midplane of the endoplasmic reticulum bilayer before LD budding. Analogous 

morphologies have been suggested, although not yet demonstrated experimentally, in 

processes such as microplastic aggregation30 and nitrogen accumulation29 within lipid 

membranes. The unzipping of lipid bilayers observed in our study is identical to phenomena 

seen in nanoparticle encapsulation within lipid membranes31,32 and polymerization within 

membrane vesicles,33–35 described as a “parachute” morphology. This is interesting because 

it shows that membranes indeed have a remarkable ability to deform out-of-plane to 

accommodate thick yet small cross-sectional-area polymer domains. However, an in-depth 

image analysis of the cryo-EM data would be needed to verify that bilayers do indeed 

remain continuous around the polymer globule in the “parachute” system.33 In this paper, 

we clearly show by simulation and electron density analysis of cryo-EM data that bilayers 

unzip and enable type 2 domain formation, which is surprising because the polymer 

component is amphiphilic. This is a new finding, as until now the community working 

on amphiphilic polymer–lipid hybrid membranes has treated the integration of amphiphilic 

polymers into phospholipid bilayers as type 1 phase-separation into interfacing polymer-rich 

and lipid-rich domains that would only vary in size (from nm to μm), not morphology.

In the context of hybrid membranes, hydrophobic mismatch between PBD and lipid tails 

has been extensively discussed as the driving force for phase separation.9,19,40,65 This 

hydrophobic mismatch comes from the longer PBD hydrophobic chains compared with 

the fully saturated DPPC. DOPC chains are even thinner than DPPC due to the presence 

of double bonds. Type 2 domains allow the PBD blocks and lipid tails to maximize 

self-interactions, minimizing the free energy of the system. Furthermore, type 2 domains 

are consistent with the two membrane thicknesses experimentally detected by cryo-EM 

and X-ray scattering. Unzipped bilayers act as a “surfactant” monolayer, explaining the 

significant increase in lipid fluidity with PBD-b-PEO hybridization shown by ssNMR.10 

When block copolymer content is increased to 20 mol %, type 1 phase separation is stable 

(Figure 1d, left). The domain sizes for type 1 and type 2 regions were determined to be 

approximately 65 and 23 nm, respectively, within a population of similarly sized vesicles. 

Although the domains appear relatively uniform in the cryo-EM images, it is important 

to recognize that while cryo-EM provides high-resolution structural information, it is not 

well-suited for reliably quantifying domain size distributions due to the inherently small 

sampling size.
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Varying the polymer concentration is expected to influence the morphology and size of 

phase-separated domains in the DPPC:Chol:PBD-b-PEO membranes. Figure 2a displays 

simulation snapshots showing the evolution of domain morphology as polymer to lipid 

content is reduced. Concentration profiles across the membrane (Figure 2b) show symmetric 

leaflets, some cholesterol solubility in the polymer phase, and a clear preference for PBD 

toward the interior of membranes. The thickness (Figure 2c) and concentration maps (Figure 

2d) show two types of phase separation. At low polymer concentration, lipid monolayers 

are continuous (type 2). At higher concentrations, the lipids begin to form rafts and recreate 

thick, polymer-like hybrid membranes.40,52–55 The raft formation is evidenced by the local 

depletion of lipids in the concentration maps shown in Figure 2d. This behavior implies 

that above 20 mol % of polymer, the vesicle stability and mechanical properties are 

determined by the properties of the polymer. Likewise, the lipid rafts have elevated mobility, 

enabling the formation of larger type 1 domains. Additional simulations were performed 

for DPPC:PBD-b-PEO and DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine):PBD-b-PEO. 

In Figures S7 and S8 representative snapshots, thickness maps, and concentration maps are 

shown. Regardless of the lipid type, the morphologies match those discussed here for the 

DPPC:Chol:PBD-b-PEO system.

Figure 3a–d (and Figures S10 and S11) shows cryo-EM images of membrane vesicles 

comprising 0, 10, 20, and 100 mol % PBD-b-PEO. Pure lipid vesicles have thinner and more 

electron-dense membranes (due to phospholipid headgroups) than pure polymer vesicles 

(Figure 3a,d). At 20 mol % polymer, there is clear type 1 phase separation into lipid-rich 

and polymer-rich domains (Figure 3c, Figure 1d, left). At lower polymer content (≤10 mol 

%), a type 2 phase-separated lens-like domain is observable (Figure 3b, Figure 1d, right). 

Figure 3i–l displays corroborating simulation snapshot data for corresponding experimental 

compositions. These snapshots do not introduce different systems but complement and 

reinforce the experimental findings, providing a clearer connection between the simulations 

and the experimental data. The electron density profile analysis of the membrane 

regions (Figure 3e–-h) highlights electron-lucent hydrophobic bilayer cores, corresponding 

to the hydrocarbon chains of lipids or polymers, along with high-intensity phosphate 

regions within the lipid headgroups. This profile analysis is essential for confirming 

the structural integrity and continuity of the lipid bilayers, proviing direct experimental 

evidence of different types of phase separation in hybrid membranes. The electron density 

profiles allow us to visualize the integration of amphiphilic block copolymers with lipid 

bilayers, highlighting how the hydrophobic and hydrophilic components interact within the 

membrane. This analysis also reinforces the unzipped type 1 domain formation discussed 

in the study, offering a more detailed view of the possible membrane architectures and 

polymer–lipid interactions. Corresponding concentration profiles across the membranes 

obtained from the simulations are shown in Figure 3m–p.

The hydrophobic core thickness for neat lipid and polymer vesicles is measured as 3.4 

and 10.6 nm, respectively (Figure 3e,h), in agreement with simulations (Figure 3m,p). At 

low (≤10 mol %) PBD-b-PEO type 2 phase separation is observed by thicker hydrophobic 

cores (7.2 nm) and higher electron density compared to pure lipid (Figure 3f,j,n), indicating 

that the lens-shape nanodomain contains PBD and lipid acyl chains. Furthermore, the lens 

domain is enclosed by electron-dense interfaces from continuous phospholipid monolayers. 
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At 20 mol % polymer, the hydrophobic core is thicker (8 nm) and the electron density 

is consistent with a polymer-rich domain in type 1 phase separation (Figure 3g,k,o). In 

both type 1 and type 2 phase separation, the direction of leaflet bending seen in electron 

density profiles and simulations (Figure S9) suggests some degree of leaflet compositional 

asymmetry66 and potentially indicates that PEO chains are enriched in the outer leaflet.

From MD trajectories, the average membrane thickness (Figure 4a), the variance of the 

thickness (Figure 4b), order parameter (Figure 4c), and lipid area density (Figure 4d) 

were calculated across various lipid types and polymer concentrations (see Supporting 

Information for detailed descriptions of each calculation). The increase of average 

membrane thickness (Figure 4a) with polymer content is consistent with what is observed 

in the experiment. The linear increase can be attributed to the addition of a polymer 

in a collapsed state inside the lipid membrane. The deviation from a linear trend for 

DPPC:Chol:PBD-b-PEO points toward cholesterol partially mixing with the polymer-rich 

domains. The variance of the membrane thickness represents the surface roughness (Figure 

4b), indicating the degree of domain formation. The simulation window for type 2 domain 

formation is ~5 mol % polymer for DPPC:Chol:PBD-b-PEO and between ~5 and 20 mol 

% polymer for both DPPC:PBD-b-PEO and DOPC:PBD-b-PEO (Figure 4e). Interestingly, 

all systems maintain similar order parameter (Figure 4c) in the region of type 2 domain 

stability, consistent with the ssNMR data.10 The lipid area density (Figure 4d) displays 

similar trends. This implies that, in these simulations, the ordering of lipid tails is 

not significantly disrupted by unzipping around butadiene globules. Furthermore, type 2 

morphologies are observed over a large range of lipid order and packing.

CONCLUSIONS

While the macroscopic phase separation of lipids and polymers inside coassembled hybrid 

membranes is well-characterized,8,23,25,36–39 the understanding of molecular behavior and 

domain formation at the nanometer-length scale is still being developed.52,54,55 Through the 

use of molecular-level characterization techniques, our findings support the hypothesis that 

for low polymer concentrations (5–10 mol %) and sufficiently large PBD blocks (around 

45 monomers), bilayer unzipping (type 2 domains) is energetically more favorable than the 

hydrophobic mismatch that would be present in type 1 domains. Simulations show that 

this type 2 morphology is general, appearing in three unique lipid systems. Guided by the 

simulations, this work clearly demonstrates real-space images of nanometer-sized domains 

in hybrid vesicles.

These results and the presented methods directly contribute to the elucidation of nanoscale 

lateral phase separation processes and in-membrane interactions in hybrid membranes, 

which enable the design and programming of function in artificial membranes. More 

broadly, the discovery that lipid bilayers unzip to insert nanodomains of hydrophobic 

moieties offers new insights into the domain formation process in biological membranes. 

Given the similarities to biological processes, such as lipid droplets, we posit that the 

insertion of bulky hydrophobic transmembrane proteins might also induce type 2 phase 

separation. Domain and raft formation is a fundamental process in synthetic and biological 
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membranes that regulates selective transport, mechanical properties, and membrane binding 

recognition; this work greatly advances our understanding of it.

EXPERIMENTAL SECTION

Materials.

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and cholesterol (Chol), obtained 

from Avanti Polar Lipids (Alabama, USA), were dissolved in chloroform. The amphiphilic 

diblock copolymer, poly(butadiene-b-ethylene oxide) (PBD-b-PEO), with catalog number 

P19015-BdEO, was obtained from Polymer Source, Inc. (Quebec, Canada). The 

polydispersity index is 1.06, with an average molecular weight (Mn) of 4000 g/mol, 

comprising a PBD block (rich in 1,4 microstructure) weighing 2500 g/mol and a PEO block 

weighing 1500 g/mol, respectively. Our selection of PBD-b-PEO for this study was based 

on previous findings demonstrating the formation of phase-separated hybrid vesicles with 

distinct domains.13,26,67

Hybrid Nanoparticles (NPs) Formulation Using Microfluidic Device.

The self-assembly of NPs by microfluidics was accomplished by using the NanoAssemblr 

Benchtop platform (Precision Nanosystems Inc.). Ethanol solutions containing neat lipid 

(L) DPPC:Chol (10:5 wt/wt ratio equivalent to 50 mol %), pure block copolymer 

(BCP), and their hybrids at different L:BCP molar ratios (90:10 and 80:20 mol % of 

lipid to polymer) were dissolved at specific 8 mg/mL concentration. Through syringe 

pumps, the lipid/ethanol solution was introduced into one of the two channels on the 

microfluidics herringbone cartridge, while the aqueous phase was fed into the second 

channel. Microfluidics optimization involved adjusting the flow rate ratio (the ratio between 

the organic and aqueous phases) and the total flow rate (the speed at which the two channels 

were administered through the microfluidic chip) using NanoAssemblr software. A flow 

rate ratio of 1:2 and a total flow rate of 20 mL/min were selected to produce unilamellar 

vesicles. All production processes were conducted under ambient conditions, including room 

temperature and relative humidity.

The purification of samples was carried out using the Maxi 6000 Pur-A-Lyzer kit with a 

molecular weight cutoff (MWCO) of 6 kDa. To remove the solvent (EtOH), the samples 

were loaded into the Pur-A-Lyzer tube and then immersed in a stirred beaker filled with 

deionized (DI) water. The dialysis buffer was refreshed three times, with each change 

occurring every 3–4 h. All samples were recovered at their initial volume after purification.

Preparation of Cryogenic-Electron Microscopy (Cryo-EM) Grids and Subsequent Data 
Collection.

For cryo-EM, neat lipid, block copolymer, and hybrid samples were prepared on Cu 

Quantifoil grids (3.5/1, 200 mesh) from Electron Microscopy Sciences, using a Vitrobot 

Mark IV from Thermo Fisher Scientific. In brief, 4 μL of each sample was applied to the 

glow-discharged grid surface in a chamber maintained at 24 °C and 100% relative humidity 

followed by vitrification in liquid ethane. Prior to vitrification, samples were blotted for 6 s 

with a blot force of 1. Imaging of all cryo-EM grids was conducted using a 200 keV Glacios 
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TEM from Thermo Fisher Scientific, equipped with a Falcon4 direct electron detector. 

Images were captured at 73k× magnification (with a physical pixel size of 2.0 Å) and a 

defocus of −5 μm, utilizing Tomo automated acquisition software from Thermo Fisher.

Simulation Model and Methods.

We performed coarse-grained molecular dynamics simulations using HOOMD-blue58 and 

parametrized with the Martini v3 force field.57 Parametrization scheme is shown in Figure 

S1. This model has been used previously for PEO,68–70 PBD,55,71 cholesterol,72 and 

phospholipids.57 Validation of our implementations of the polymers is shown in Figure 

S2 and of the phospholipid:cholesterol membranes is shown in Figures S3 and S4. The 

simulated polymer PBD-b-PEO was represented with 46 PBD beads and 35 PEO beads.

Simulations were conducted in an NPT ensemble where the pressure in the z direction was 

maintained at 1 atm and the pressure in the xy-plane was held at 0 atm. The temperature 

was maintained at 298 K. A constant pressure barostat73 and Nose–Hoover thermostat were 

used to maintain the pressure and temperature. A timestep of 20 fs was used, consistent with 

Martini simulations. Electrostatics were handled with the reaction field scheme with a cutoff 

distance of 1.1 nm simulations. Simulations were run for 107 timesteps or 0.2 μs.

Hybrid membranes were initialized randomly in a membrane-like morphology. Different 

initialization conditions are discussed in Figures S5 and S6 but form similar morphologies. 

All snapshots and 2D maps shown are representative of five uniquely randomized 

simulations. Likewise, the properties shown in Figure 4 were averaged from five unique 

simulations. Detailed discussion of analysis methods is given in Supporting Information 

section 1.2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Nanodomains in the hybrid membranes. (a) Schematics of microfluidic formulation of 

hybrid DPPC:Chol:PBD-b-PEO vesicles forming nanodomains. (b) MD snapshot of type 

2 domain composed of DPPC:Chol:PBD-b-PEO (45:45:10 mol %). PBD (yellow), PEO 

(purple), lipid tails (gray), DPPC head (blue, pale yellow, red, green), cholesterol head 

(orange). (c) MD snapshot of a spherical hybrid micelle composed of DPPC:Chol:PBD-b-

PEO (45:45:10 mol %). (d) Left: cryo-EM of type 1 hybrid (H) vesicles (DPPC:Chol:PBD-

b-PEO, 40:40:20 mol %). Inset: Schematic representation of a type 1 hybrid vesicle. 

Right: cryo-EM images of three vesicle samples imaged on the same grid. Hybrid (H) 

DPPC:Chol:PBD-b-PEO (45:45:10 mol %), neat lipid (L) DPPC:Chol (50:50 mol %), 

and 100% PBD-b-PEO (P). White arrows indicate the localization of hybrid domains. (e) 

Enlarged view of a hybrid vesicle with a type 2 domain. Inset: Schematic representation of 

a type 2 hybrid vesicle. (f) Enlarged view of a hybrid micelle. (g) Absolute intensity profile 

showing the electron density across the vesicle membrane in (e). (h) Absolute intensity 

profile showing the electron density across the micelle in (f). Scale bars: 50 nm.
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Figure 2. 
Effect of increasing fraction of polymer (top to bottom) with respect to lipids in simulations. 

(a) Side snapshots of hybrid membranes. (b) Fraction of phospholipid, hydrophobic block 

of polymer, and cholesterol content across the membrane. (c) Phospholipid headgroup-to-

headgroup thickness maps, where purple corresponds to thin and orange to thick regions and 

white pixels represent insufficient lipid concentration. (d) Concentration maps showing local 

concentration differences of two constituent materials (DPPC, PBD), where yellow is high 

and purple is low. Cholesterol follows the distribution of DPPC. PEO is dispersed relatively 

uniformly.
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Figure 3. 
Cryo-EM and simulation data obtained for hybrid membranes at different PBD-b-PEO 

contents. (a–d) Cryo-EM images of hybrid vesicles with increasing content of polymer 

(0, 10, 20, 100 mol % PBD-b-PEO). The inset cartoons at the top depict the domain 

morphology. (e–h) Averaged intensity profiles of the region highlighted by a semitransparent 

yellow box in (a)–(d) cryo-EM images, respectively. Gray boxes indicate the hydrophobic 

core of the bilayer. Scale bars: 10 nm. (i–l) Simulation snapshots of hybrid membranes with 

increasing polymer content (0, 5, 20, 100 mol % PBD-b-PEO). (m–p) Concentration profiles 

across the membrane. Green line shows lipid/cholesterol content, and yellow line shows 

PBD.
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Figure 4. 
Quantification of membrane properties across 3 lipid types as a function of polymer 

concentration. (a) Average membrane thickness, (b) variance of membrane thickness, (c) 

order parameter of sn1 phospholipid tails with respect to membrane normal, and (d) lipids 

per membrane surface area. (e) Diagram representing simulated morphology as a function of 

polymer concentration. Legend refers to panels a–d.
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