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Adsorption and Fusion of Hybrid Lipid/Polymer Vesicles onto 2D 

and 3D Surfaces  

Walter F. Paxton,
a†*

 Patrick T. McAninch,
a
 Sun Hae Ra Shin,

a
 Michael T. Brumbach

b 

We investigated the formation of hybrid lipid/polymer (1,2-dioleoyl-sn-glycero-3-phosphocholine and poly(ethylene oxide-

b-butadiene); DOPC/EO22Bd37) films onto planar silica surfaces. Using laser scanning confocal microscopy, atomic force 

microscopy, and quartz crystal microbalance analysis, we monitored the adsorption and fusion of hybrid lipid/polymer 

vesicles onto planar borosilicate glass cleaned via chemical etching or RF/air plasma treament. In addition we used cryo-

electron microscopy to characterize film formation on mesoporous silica nanoparticles. As the polymer content in the 

vesicles increased, the resulting hybrid lipid/polymer films on borosilicate glass – cleaned by chemical etching or plasma 

treatment – were more heterogeneous, indicating a large number of adsorbed vesicles rather than continuous bilayer 

films at higher polymer loadings. The observed lateral fluidity of both DOPC and hybrid lipid/polymer films also decreased 

substantially with increasing polymer fraction and was found to be relatively insensitive to changes in pH. Films prepared 

from vesicles with higher polymer loadings were completely immobile. We also found that polymer vesicles did not 

interact with clean plasma-treated glass surfaces, which may be due to elevated OH and Si-OH on plasma-treated surfaces. 

Conformal hybrid lipid/polymer coatings consistent with bilayers could be formed on mesoporous silica nanoparticles and 

imaged via cryo-electron microscopy . These results expand the library of biocompatible materials that can be used for 

coating silica-based materials and nanoparticles.

Introduction 

The adsorption and fusion of vesicles to solid supports offer a 

straightforward way to prepare surfaces that mimic biological 

interfaces
1
 and a platform for studying important biological 

processes that involve cell membranes.
2
 Bilayers prepared this 

way have been incorporated into diagnostic sensors
3
 and 

therapeutic particles,
4
 and afford an intriguing approach to 

tuning the interface between rigid materials and biological 

tissues. The formation of supported lipid bilayers typically 

involves the adsorption and fusion of lipid vesicles onto a 

planar hydrophilic support.
5
 This strategy has also been used 

to form supported lipid bilayers over non-planar surfaces, 

including spherical silica nanoparticles.
6
 Using a combination 

of experimental techniques,
7
 and modeling,

8
 a mechanistic 

understanding of the process
9
  and the factors involved in 

vesicle fusion have emerged. 

Vesicles and micelles of polymeric amphiphiles have been 

shown to adsorb onto solid supports as well. More recently, 

the formation of polymeric bilayers from polymer micelles
10

 

and vesicles
11

 comprised of poly(ethylene oxide-b-butadiene) 

(PEO-PBd) has been demonstrated. While many supported 

bilayers made from fluid-phase lipids exhibit lateral fluidity,
12

 

supported PEO-PBd bilayer films were found to be essentially 

immobile. This immobility has been attributed to strong 

interaction between the PEO and the hydrophilic substrates, 

which ought to be pH dependent, and the coupling between 

the two layers in the bilayer.
10-11

 Hybrid lipid/polymer vesicles 

have emerged in recent years as more robust self-assembling 

systems (relative to lipid-based systems) that combine the 

stability of polymeric bilayer membranes with the dynamics of 

lipid membranes.
13

  

We investigated the formation of hybrid lipid/polymer 

films (which we refer to as “hybrid films”) onto silica surfaces 

using confocal microscopy, atomic force microscopy, quartz 

crystal microbalance with dissipation, and cryo-electron 

microscopy (cryo-EM). We have verified that planar glass 

substrates can be coated with amphiphilic block copolymers 

(micelles
10

 and vesicles
11

) and hybrid lipid/polymer films from 

aqueous suspensions of hybrid vesicles. At intermediate 

polymer compositions, hybrid films retain some lateral fluidity. 

Attempts to modulate lateral fluidity of polymer-containing 

films by changing the pH revealed that such films did not 

appear to be substantially more sensitive to pH than lipid 

bilayers. In addition to studying the formation of hybrid and 

polymer films on 2D glass surfaces, we have also 
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demonstrated that hybrid vesicles can be used to uniformly 

coat mesoporous silica nanoparticles (MSNP). These results 

expand the library of materials that can be used for coating 

silica-based materials and nanostructures.  

Experimental 

Materials 

All reagents were purchased from commercial suppliers, 

stored according to supplier recommendations, and used as 

received: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC; 

Avanti Polar Lipids); poly(ethylene oxide-b-butadiene) 

(EO22Bd37; 2904, PEO-PBd, Polymer Source); Texas Red™ 1,2-

dihexadecanoyl-sn-glycero-3-phosphoethanolamine, 

triethylammonium salt (TR-DHPE; ThermoFisher Scientific). A 

10× stock phosphate buffer solution was prepared from NaCl 

(39.5 g), concentrated HCl (1.66 g), NaH2PO4 (1.06 g), Na2HPO4 

(7.1 g) and deionized water (500 mL). After dissolving buffer 

components, the pH was adjusted to 7 with potassium 

hydroxide. Prior to use, the 10× PBS was diluted by a factor of 

10 with deionized water and filtered through a polyethylene 

filter with 0.2 μm diameter pores. MSNPs, supplied by 

courtesy of Dr. Brandon Slaughter (Sandia Advanced Materials 

Laboratory), were prepared using an aerosol-assisted 

evaporation-induced interfacial self-assembly process.
14

 The 

MSNPs were spherical in shape, polydisperse with diameters in 

the range of 25 – 500 nm, and have an estimated 2.5 nm pore 

size. The MSNPs were used without further cleaning or 

treatment.  

Methods 

Preparation of Hybrid Vesicles. Lipid/polymer hybrid vesicles 

were formed using the film-rehydration method starting from 

solutions of different polymer ratios (10%, 25%, 50%, 75%, 

100%) dissolved in chloroform (1 mg/mL). For experiments 

that involved fluorescent imaging, <1% of TR-DHPE fluorescent 

dye was added to each solution before evaporation. As a 

result, the 100 mol% polymer solution produced vesicles that 

were in fact 99.4 mol% polymer and 0.6 mol% TR-DHPE. 

Solvent was evaporated from the samples slowly (over the 

course of 30 min) under a gentle stream of nitrogen. The 

evaporated samples were stored in vacuum overnight. The 

films were rehydrated to 1 mg/mL with 1× PBS (pH=7) and 

extruded using an Avanti extruder with a 200 nm filter 

membrane. Rehydrated samples were assayed using dynamic 

light scattering to determine the average size (Table S4). 

Cleaning of Glass Cover Slips. Borosilicate glass surfaces 

(Corning, 2850-22) were washed with 2% Hellmanex III (Sigma-

Aldrich) rinsed liberally with deionized water and then 

immediately subjected to a cleaning treatment, either 

chemical etching or air/plasma treatment. For chemical 

etching, borosilicate cover slips were immersed for at least 30 

minutes in a hot (70-80 °C) solution of 120 mL deionized water, 

30 mL 37% HCl, 40 mL 30% H2O2. Cover slips were again rinsed 

liberally with deionized water and stored in deionized water 

until used, typically within less than 7 days. For air/plasma 

treatment, the detergent-cleaned and liberally rinsed cover 

slips were dried under a stream of nitrogen and treated with 

RF plasma under reduced air pressure for at least 2 min. In 

both cases, borosilicate glass surfaces were rendered highly 

hydrophilic, with water contact angles <5°. 

Preparation of Hybrid Lipid/Polymer Films on 2D Glass 

Surfaces. Immediately after cleaning glass cover slips, a 

SecureSeal spacer silicone O-ring (ThermoFisher) was carefully 

adhered onto the surface, and 50 μL of vesicle suspension was 

deposited onto the surface enclosed by the spacer. The cover 

slip was then covered to prevent evaporation and exposure to 

light and the solution was allowed to incubate on the cover 

slip for at least 30 min, after which the vesicle suspension was 

exchanged from off the surface at least 10 times with 1× PBS 

buffer solution in order to remove unfused vesicles and reduce 

background in confocal imaging experiments. For fluorescence 

recovery after photobleaching experiments involving a change 

in pH, we prepared and rinsed hybrid and polymer films as 

above and subsequently exchanged the pH 7 buffer solution 

10 times with buffer solutions that were either pH adjusted 

with phosphoric acid (pH = 2) or sodium hydroxide (pH = 12). 

Characterization. Samples for cryo-EM were prepared in a 

semi-automated vitrified system (Vitrobot, FEI Company), a 

closed chamber at 21 °C and 100% relative humidity. Cryo-EM 

images were captured on a high-resolution electron 

microscope (JEOL 2010, JEOL USA) operating at 200 kV 

accelerating voltage equipped with a CCD camera (Orius, 

Gatan) for image collection. Dynamic light scattering (DLS) and 

zeta potential measurements were performed using a Malvern 

Zetasizer Nano ZS (ZEN3600, Malvern Instruments) equipped 

with a 4 mW HeNe gas laser operating at a wavelength of 633 

nm and a scattering angle of 175°. Tapping mode atomic force 

microscopy was performed on an Asylum MFP-3D under 

aqueous buffer in a liquid cell using AC250TS tips (Olympus). 

Adsorption of vesicles with borosilicate glass was monitored by 

quartz crystal microbalance with dissipation (QCM-D; Model 

E1, Biolin Scientific), using borosilicate over gold coated silicon 

crystals (QSX336, Biolin Scientific). The QCM-D equipment and 

software are standard and commercially available (Qtools v. 

3.1.25.604, Biolin Scientific). For QCM-D measurements, the 

standard error of the normalized change in resonant frequency 

is <0.3 Hz and the baseline drift is <0.8 Hz/min for all 

overtones (n=3,5,7,9). QCM-D data were analysed using Qtools 

(v. 3.1.25.604, Nanoscience Instruments).  

Confocal Microscopy. Fluorescence microscopy fluorescence 

microscopy was performed on a FV-1000 inverted optical 

microscope (Olympus, Tokyo, Japan) equipped with multi-

channel photomultiplier detectors, operated in ‘photon- 

counting mode’, acquiring 512×512 pixel images. A 40× air 

objective (NA = 0.95) was used. Images of TR-DHPE 

fluorescence were acquired by exciting with a HeNe laser (543 

nm) and collecting emission using appropriate high 

performance band-pass filters. Fluorescence recovery after 

photobleaching (FRAP) experiments were performed using 

manufacturer’s provided software. For bleaching of TR-DHPE a 
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HeNe laser (543 nm) was used in combination with the 488 nm 

line of a multi-line Ar laser to photobleach a circle with a 

diameter of 10.3 microns. Recovery was monitored for 4 

minutes (average). FRAP data was analyzed using the simFRAP 

plugin
15

 for ImageJ.
16

 

Preparation of Hybrid Lipid/Polymer Bilayers on 3D Silica 

Particles. As-synthetized MSNPs (dry powder) were dispersed 

in 0.5X PBS and mixed with vesicle suspension. 100 µL of 

MSNPs  

 (1 mg/mL in 0.5× PBS) was added to 100 µL of vesicle 

suspension (5 mg/mL in 0.5× PBS). The mixture was bath-

sonicated for 30 s and incubated at room temperature for 2 h. 

The excess vesicles were removed by centrifugation (10,000 

rpm, 5 min). The pelleted MSNPs were redispersed in 0.5× 

PBS.   

Results and Discussion 

Laser scanning confocal microscopy (LSCM) revealed the 

formation of continuous homogenous films on chemically-

etched borosilicate glass coverslips prepared from DOPC 

vesicles containing 10, and 25 mol% EO22Bd37. On the other 

hand, films from vesicles with 50 and 100 mol% (99.4% 

polymer with 0.6% TR-DHPE) EO22Bd37 appeared 

heterogeneous, suggesting adsorbed vesicles in addition to (or 

instead of) hybrid lipid/polymer bilayers (Figure 1, top). Atomic 

force microscopy confirmed the formation of smooth and 

continuous hybrid films at lower polymer compositions that 

became increasingly heterogeneous with higher polymer 

content (Figure 1, bottom). This observation suggests the 

incomplete fusion and the presence of intact or partially fused 

vesicles in films containing higher polymer compositions. 

Monitoring the fluorescence recovery after photobleaching 

(FRAP) of a lipid dye in the hybrid films , we confirmed
11

 that 

the lateral fluidity of the supported hybrid films depended 

greatly on the amount of polymer in the vesicles used to 

prepare the films (Table 1). Specifically, supported hybrid films 

with a polymer fractional area less than ~0.60 were all found 

to be mobile, and the measured diffusion coefficients 

depended strongly on the amount of polymer in the vesicles 

used to prepare the films. Films containing polymer 

compositions greater than 50 mol% were generally found to 

be completely immobile.  

The immobility of lipid dyes entrained in films of adsorbed 

PEO-PBd amphiphiles has been attributed
10

 to the strong 

coupling between the polymer component and the substrate, 

creating barriers of immobile polymer in hybrid films. These 

barriers slow diffusion of the mobile film components and 

prevents diffusion entirely above the percolation threshold of 

the immobile polymer fraction.
11

 The adsorption presumably 

stems from the interaction between the hydrogen bond 

donors  

Table 1. Diffusion coefficients of labelled DHPE in DOPC/EO22Bd37 hybrid 

lipid/polymer assemblies /films as a function of pH.  

EO22Bd37 

mole % Apolymer
a 

pH 2 

D 

(× 10−
8 

cm
2
/s) 

pH 7 

D 

(× 10−
8 

cm
2
/s) 

pH 12 

D 

(× 10−
8 

cm
2
/s) 

0% 0.00 1.8 ± 0.3
 

2.3 ± 0.2 3.8 ± 0.2 

10% 0.16 1.1 ± 0.2 1.55 ± 0.1 2.99 ± 0.03 

25% 0.37 0.26 ± 0.02 0.31 ± 0.01 0.68 ± 0.1 

50% 0.64 -- 0.06 ± 0.02
b
 -- 

100%
c 

1.00 -- -- -- 

90% confidence intervals calculated using student t-scores for at least 3 

measurements.
 a

 Fractional area of polymer in vesicles and films. 
b
 After 

incubating for 24 h at 40 °C.  
c
(99.4% with 0.6% TR-DHPE) 

of the surface silanols present at silica interfaces and H-bond 

acceptors of the PEO block in the polymer. Indeed, clean silica 

presents a dense silanol surface capable of coupling – even 

multivalently – with the PEO block of the polymer chains. 
17

.  

The protons of the surface silanols are pH labile (pKa = ~7),
18

 

and the adsorption of PEO on silica has been shown to be a 

function of pH.
17

 These studies revealed that PEO does not 

generally adsorb on silica surfaces above pH 10, where the 

silanols are virtually all deprotonated.
17b

 More recent work 

reveals a narrow pH window for weak adsorption of PEO with 

lateral mobility on hydrophilic silica surfaces: below pH 7, 

strong adsorption of PEO is observed, while essentially no 

adsorption was observed above pH 8.8.
19

  

We reasoned that the documented pH dependence of the 

PEO-silica interaction could be used to control the lateral 

fluidity of polymer and hybrid films adsorbed to glass cover 

slips. At high pH, silanols would be mostly deprotonated and 

significantly reduce the H-bond donating ability of the surface 

to the PEO in the amphiphilic polymers. To test this 

hypothesis, we measured the effective diffusion coefficients of 

TR-DHPE in hybrid and polymer films under acidic (pH 2) or 

basic (pH 12) conditions using FRAP methods (Table 1). Our 

results reveal that polymer and hybrid films on silica are not 

significantly more sensitive to changes in pH than the lipid only 

films. While the mobility in hybrid films was significantly faster 

under basic conditions than under acidic conditions (~2.6-2.7× 

faster at pH 12), similar changes were observed for the DOPC-

only bilayers (~2.1× faster at pH 12). Furthermore, fluidity of 

hybrid films with higher polymer fractions (50 and 99.4 mol% 

with TR-DHPE) were insensitive to pH changes, and the lipid 

dye remained completely immobile even at elevated pH 

conditions.  

 

Figure 1. Representative confocal fluorescence (top) and atomic force 
(bottom) micrographs of bilayers/films prepared from vesicle suspensions 
comprised of DOPC with polymer content ranging from 10, 25, 50 and 100 
mol% EO22Bd37 (99.4% with 0.6% TR-DHPE) on chemically-etched surfaces. 
Bilayers/films were fluorescently labeled with <1 mol% TR-DHPE. Dark circles, 
in the confocal images represent photobleached spots after fluorescence 
recovery by photobleaching (FRAP) analysis, indicate immobile bilayers/films. 
Image scale: 50 × 50 μm (top) and 20 × 20 μm (bottom). 
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In more heterogeneous films that consist of a high 

concentration of adsorbed but unfused vesicles (e.g. films with 

>50 mol% polymer), the discrete vesicles would not produce a 

coating that was continuous, which is required to facilitate 

fluorescence recovery via diffusion of the lipid dye from 

unbleached regions. More complete fusion could be facilitated 

by increasing the time and the temperature that the vesicle 

suspensions were incubated on the glass slides, resulting in 

more continuous hybrid lipid/polymer films. To test this 

hypothesis, we facilitated more complete vesicle fusion by 

incubating a clean glass cover slip with a suspension of vesicles 

with 50 mol% polymer for longer times (24 h) at elevated 

temperatures (40 °C). These hybrid films exhibited low but 

measurable mobility of the lipid dye, in contrast to the 

complete lack of mobility in identical coatings prepared at 

room temperature over 30 min. This result indicated that 

incomplete fusion may be at least partially responsible for the 

lack of fluidity in films with higher polymer compositions (>50 

mol%). 

To provide insight into the mechanism of adsorption and 

fusion of hybrid vesicles to silica surfaces, we monitored the 

formation of hybrid films using quartz crystal microbalance 

with dissipation (QCM-D, Figure 2), using a borosilicate glass 

coating over a gold QCM-D sensor as a proxy for the 

borosilicate glass cover slips. To prevent delamination of the 

sensor electrodes, RF plasma treatment in a reduced pressure 

atmosphere was used to clean the substrates rather than 

chemical etching. The interaction between DOPC vesicles and 

the silica substrate exhibited a typical QCM-D response: a 

rapid decrease in sensor frequency upon the adsorption of 

lipid vesicles, followed by a rapid but less pronounced increase 

in frequency that stabilized within 3 minutes to around Δf = 

−25 Hz. Along with the corresponding changes in energy 

dissipation (ΔD = 0.1 × 10−
6
), these results indicated a 

continuous hydrated supported lipid bilayer.
7a

 The addition of 

vesicles containing 10 mol% EO22Bd37 also resulted in vesicle 

adsorption and fusion, but over much longer timescales (~15 

min). Furthermore, the much more pronounced change in 

dissipation, ΔD, reflected a more viscoelastic response of the 

hybrid vesicles. These results indicate that even small amounts 

of added polymer dramatically affected the interaction of 

vesicles with the substrate as well as the viscoelastic 

properties of the film. At higher polymer fractions there was 

no distinction between the adsorption of vesicles and their 

fusion to the surface indicating that adsorption and any fusion 

that takes place are not separate, distinguishable events as in 

the case of pure lipid, even after 1.5 h (Figure S1). The gradual 

decrease in Δf and corresponding increase in ΔD suggest either 

adsorption without fusion of vesicles, or vesicle fusion that 

occurs on the same or much faster timescales as adsorption. 

At mole fractions below 50% polymer it is likely a combination 

of both effects – the adsorption and fusion of polymer-

containing vesicles – based on our observations using confocal 

fluorescence and atomic force microscopies (Figure 1), which 

revealed both smooth surfaces  

 

Figure 2 – Quartz crystal microbalance with dissipation (QCM-D) monitoring 
(n=3; i.e. 3

rd
 overtone; see Figure S6 in the Electronic Supplementary 

Information for n=3, 5, 7, 9) of hybrid lipid/polymer film formation on plasma-
cleaned borosilicate glass substrates. The baseline buffer measurement was 
stabilized and the vesicle solution (0.1 mg/mL) of either pure DOPC (A), 10 (B), 
25 (C), 50 (D), and 100 (E) mol% of EO22Bd37 was injected. 

at low polymer fractions as well many adsorbed vesicles at 

higher polymer fractions. 

Considering the spectrum of outcomes with hybrid vesicle-

silica interactions – from continuous bilayers to adsorbed 

vesicle films as the polymer fraction increased from 0 to 100 

mol% – the results from QCM-D analysis were, for the most 

part, consistent with our analysis using confocal and atomic 

force microscopies. However, and quite unexpectedly, 

polymer-only vesicles (100 mol%) did not interact with the 

plasma-cleaned borosilicate substrates at all. Even over longer 

incubation times (1-2 h) or at elevated temperatures (40 °C), 

the frequency (Δf) and dissipation energy (ΔD) never changed 

more than about −0.5 Hz and 0.5 × 10−
6
, respectively (Figure 

S2). 

The variable interaction of polymer vesicles with cover glass 

seemed to depend on the cleaning treatment of the glass 

substrates. Importantly, the QCM-D sensors do not survive the 

chemical etching treatment that we used for confocal microscopy 

experiments, so we prepared some surfaces with plasma treatment. 

Using confocal microscopy, we found that polymer vesicles 

interacted substantially on glass cleaned using the chemical etching 

treatment (Figure 1). On the other hand, plasma-cleaned glass 

cover slips were unable to adsorb polymer vesicles. Suspensions of 

pure lipid and polymer vesicles that included ~1% TR-DHPE for 

imaging were incubated over plasma-cleaned glass, rinsed, and 

imaged by LCSM under identical conditions (Figure S3), and the 

average fluorescence intensity of the sample prepared from 

polymer vesicles was a mere 1% that of the lipid sample, which, in 

contrast, formed highly uniform lipid bilayers. 

Based on a sampling of the literature, liquid-phase lipid bilayers 

may be formed on substrates treated with RF plasma,
5, 20

 acidic 

hydrogen peroxide,
11, 20

 or boiling detergent,
21

 and that these 

bilayers were mobile with similar lipid diffusion coefficients in the 

range of 1-8 × 10
-8

 cm
2
/s, as first reported by Tamm and 

McConnell.
1b

 Our review of the literature suggests that differences 

in cleaning protocols among research groups reflect preferences 

based on convenience and compatibility with the experiments, and 

that in general these protocols can be used interchangeably to 

produce hydrophilic surfaces conducive to the formation of 

supported bilayers. However, our experiments indicate that in 
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contrast to DOPC vesicles, which seem to have no particular 

preference for the way the hydrophilic glass is prepared, 100 mol% 

PEO-PBd vesicles (or 99.4% with 0.6% TR-DHPE) do not interact 

significantly with plasma-treated glass surfaces. 

The reasons for this difference between polymer vesicle 

interactions with chemically-etched and plasma-treated surfaces 

are not yet clear. We have analysed chemically-etched and plasma-

cleaned surfaces by surface wettability measurements, X-ray 

photoelectron spectroscopy (XPS), and AFM surface roughness 

measurements (see Electronic Supplementary Information). Survey 

and high resolutions XPS scans of surfaces revealed small 

differences between chemically-etched and plasma-treated 

samples, which may account for the differences in polymer vesicle 

interaction. Specifically, relative to the chemically-etched sample, 

the plasma-treated sample shows elevated OH and Si-OH (see Table 

S2). In terms of surface roughness, only slight differences between 

samples cleaned in different ways were observed, but no significant 

differences that might account for the differences in polymer 

vesicle interaction. Surface roughness has been invoked to explain 

differences in lipid vesicle interaction with surfaces,
22

 but those 

differences were not observed by us for lipid bilayers, and it is still 

not clear how roughness differences prevent or otherwise affect 

the interaction of the 100 mol% polymer vesicles (or 99.4 mol% 

with TR-DHPE). Nevertheless, it is important to point out that 

special care and attention may be needed when preparing 

substrates for the formation of supported hybrid lipid/polymer 

films. 

The properties of the hybrid films can be interrogated by 

modelling and analysing the QCM-D data. The adsorption onto 

a resonating sensor results in a change in the sensor’s 

resonant frequency, Δf, that is proportional to the mass of the 

adsorbed materials described by Sauerbrey.
23

 The so-called 

Sauerbrey model was found to be valid for rigid and semi-rigid 

films provided the energy dissipation, ΔD, is less than 2×10
-6

.
24

 

We monitored Δf and ΔD at different harmonics (n=3,5,7,9) to 

follow the interaction of hybrid lipid/polymer vesicles with 

silica surfaces. The different responses observed at the 

different harmonics and the substantial dissipation (Figure 2, 

see also Electronic Supplementary Information Figure S6) are 

consistent with the adsorption of viscoelastic materials 

observed previously,
7b, 25

 indicating that the hybrid 

lipid/polymer films that assemble on glass surfaces, even with 

as little as 10 mol% PEO-PBd, have viscous and elastic 

properties different from 100 mol% lipid bilayers. 

These adsorbed materials were analysed using the Voigt-

Voinova model.
26

 This model treats the adsorbed film as a 

continuous layer that acts as Voigt element with a shear viscosity 

and a shear modulus. As a result, this treatment can be used to 

estimate thickness, viscosity, and shear modulus of the adsorbed 

layers at the end of the 15 min QCM-D experiments, assuming a 

solution viscosity of 0.001 N٠s/m
2
 and the density of the adsorbed 

lipid/polymer material as 1 g/cm
3
 (Table 2). DOPC bilayers had 

measured a bilayer thickness and areal mass comparable to 

previous examples of supported lipid bilayers.
27

 On the other hand, 

calculated Χ
2 

values of the model fit were significantly higher, 

indicating that the standard Voigt-Voinova model may not be 

appropriate to describe for the adsorption of materials with 

increasing polymer content. Richter et al. raised concerns about the 

use of this model to describe the adsorption heterogeneous films.
28

 

Furthermore, the Voigt-Voinova assumes the viscosity and the 

shear modulus are frequency independent. This  

Table 2. Hybrid lipid/polymer assembly properties extracted from Voigt-Voinova 

model of QCM-D data
a
 

EO22Bd37 

thickness 

(nm)
 

areal 

mass 

(ng/cm
2
) 

viscosity 

(×10
-3  

N\s/m
2
)

 

shear 

modulus 

(×10
4 

N/m
2
) 

Χ
2 

(×10
4
)
d 

0% 5.3±0.2 530±20 4.8±0.7
 

b 7 

10% 8.06±0.05 806±5 3.4±0.2 3.8±0.1 123 

25% 15.33±0.04 1533±4 2.78±0.01 3.91±0.04 239 

50% 7.6±0.1
c
 760±10 1.41±0.04 1.41±0.02 22 

100%
e
 e e e e e 

a
 Model fit using Δf and ΔD data from 4 overtones (n=3,5,7,9) taken over 16 minutes 

(2380 time points), with averages (± standard error of mean) obtained between 800-

900 s. 
b 

Shear modulus for films prepared from DOPC varied significantly around zero 

and a reliable average could not be obtained. 
c
 Not a stable steady-state value, as 

the surface continuously adsorbs material up to at least 90 minutes (see Figure S1). 
d 

Chi-square for the model fit. 
e 

No vesicle adsorption or fusion observed for 100% 

polymer vesicles (see Figure S1). 
 

 

 

Figure 3. Zeta potential measurements (left) and z-average diameter 
measurements from DLS (right) for uncoated MSNPs, hybrid vesicles (the 
average for vesicles comprised of 0, 25, 50, 75, and 100 mol%), and MSNPs 
coated with DOPC (0% EO22Bd37), and hybrid membranes comprised of DOPC 
and 25, 50, 75, and 100 mol% EO22Bd37. Units are mV (left) and nm (right). 
Error bars represent standard error of the mean for n=3 measurements. 

assumption may not valid for adsorbed layers containing PEO-PBd, 

yet these hybrid lipid/polymer systems offer an intriguing model 

system that spans the transition from rigid supported bilayers to 

increasingly viscoelastic films. 

Fusion to Silica Particles. Coated particles have received 

significant attention as drug delivery vehicles.
4
  Our 

observations of hybrid lipid/polymer films on 2D silica surfaces 

was born out on 3D silica surfaces as well, and mirrored those 

of the planar surfaces described above. MSNPs were used in 

lieu of borosilicate cover glass. Incubating hybrid vesicles with 

MSNPs in 0.5x PBS produced stable suspensions of coated 

particles. Zeta potential analysis revealed that the highly 

negative MSNPs, ζ= −30 mV, were efficiently coated with 

hybrid membrane material that increased the potential of the 

resulting structures closer to that of the hybrid vesicles, ζ= −7 

to −8 mV (Figure 3). DLS analysis demonstrated the size 

distribution remained stable with the addition of the hybrid 

coatings, indicating a lack of aggregation except in the case of 

75 and 100 mol% polymer coatings. 

Conformal hybrid coatings were confirmed by cryo-EM 

(Figure 4) after incubation of MSNPs with 10, 25, 50, and 75 
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mol% EO22Bd37. While structure of hybrid lipid/polymer films 

on 2D surfaces was somewhat ambiguous, cryo-EM imaging 

revealed that these hybrid materials formed conformal layers 

at MSNP interfaces were 8-10 nm thick. These thicknesses are 

comparable to vesicle bilayer thicknesses
13c

 and consistent 

with bilayer coatings. In addition to hybrid lipid/polymer 

coatings, we also observed some adsorbed and unfused 

vesicles in the MSNP sample containing 75 mol%. No 

conformal bilayer coatings were observed for 100 mol% 

polymer vesicles incubated with MSNPs. The decreased 

propensity of hybrid vesicles to fuse as the polymer content 

increased stems from the enhanced mechanical properties of 

polymer vesicles. Discher et al. related
29

 vesicle “toughness” to 

measured cohesive energy densities, Ec, and found that 

polymeric membranes similar to the ones reported here were 

5-50 times tougher than natural phospholipid membranes. A 

natural consequence of the higher cohesive energy density is a 

higher energy barrier required to rupture polymer vesicle 

membranes that allow their fusion to solid supports. Hybrid 

vesicles with intermediate polymer compositions, and 

presumably intermediate cohesive energy densities, 

demonstrate a corresponding propensity to form supported 

bilayers over  

 

 

 
Figure 4 –Cryo-EM images of bare MSNP and MSNPs in the presence of 
hybrid membranes comprised of DOPC and 10, 25, 50, 75, and 100 mol% 
EO22Bd37. Arrows indicate presence of bilayer coatings on particles. Hybrid 
membranes with higher polymer fractions (75 and 100 %) also resulted in 
adsorbed vesicles (Scale bar = 100 nm) 

mesoporous silica. These results mirror our observations of 

hybrid vesicle interaction with 2D cover glass supports 

discussed above. 

Conclusions 

We have demonstrated that hybrid vesicles – comprised of the 

fluid-phase lipid DOPC and amphiphilic poly(ethylene oxide-b-

butadiene) – adsorb and fuse not only to planar silica 

substrates, but also porous spherical silica particles as well. 

Confocal fluorescence and atomic force microscopies revealed 

that adsorption, rather than fusion, is preferred for vesicles 

with higher fractions (>50 mol%) of polymer EO21Bd37. In 

addition, the lateral fluidity of the adsorbed films decreased as 

the fraction of polymer increased, with 100% poly(ethylene 

oxide-b-butadiene) (99.4 mol% with TR-DHPE) exhibiting no 

mobility. While the mobility in all supported lipid/polymer 

films we tested increased with pH, the observed fluidity of 

hybrid films was found to be just as sensitive to changes in pH 

as pure lipid bilayers.  Quartz crystal microbalance with 

dissipation measurements revealed that the polymer slowed 

the adsorption and fusion processes with silica, and that RF 

plasma cleaning treatments significantly reduced the 

interaction between pure polymersomes and silica. 

Nevertheless, conformal hybrid lipid/polymer bilayer coatings 

could be formed on mesoporous silica nanoparticles and 

imaged via cryo-electron microscopy. These results expand the 

library of materials that can be used for coating silica-based 

nanoparticles, and may also improve the stability of the 

resulting hybrid lipid/polymer films relative to lipid-based 

bilayer films. 
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We monitored the interaction of hybrid 

lipid/polymer vesicles with planar and spherical 

silica substrates via confocal microscopy, AFM, 

QCM-D, and cryo-EM.  
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