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Abstract

Interactions of nonionic poly(ethylene oxide)-b-poly(propylene oxide) (PEO–PPO) block 

copolymers, known as Pluronics or poloxamers, with cell membranes have been widely studied for 

a host of biomedical applications. Herein, we report how cholesterol within phosphatidylcholine 

(POPC) lipid bilayer liposomes and bilayer curvature affects the binding of several PPO–PEO–

PPO triblocks with varying PPO content and a tPPO–PEO diblock, where t refers to a tert-butyl 

end group. Pulsed-field-gradient NMR was employed to quantify the extent of copolymer 

associated with liposomes prepared with cholesterol concentrations ranging from 0 to 30 mol % 

relative to the total content of POPC and cholesterol and vesicle extrusion radii of 25, 50, or 100 

nm. The fraction of polymer bound to the liposomes was extracted from NMR data on the basis of 

the very different mobilities of the bound and free polymers in aqueous solution. Cholesterol 

concentration was manipulated by varying the molar percentage of this sterol in the POPC bilayer 

preparation. The membrane curvature was varied by adjusting the liposome size through a 

conventional pore extrusion technique. Although the PPO content significantly influences the 

overall amount of block copolymer adsorbed to the liposome, we found that polymer binding 

decreases with increasing cholesterol concentration in a universal fashion, with the fraction of 

bound polymer dropping 10-fold between 0 and 30 mol % cholesterol relative to the total content 
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of POPC and cholesterol. Increasing the bilayer curvature (decreasing the radius of the liposome) 

in the absence of cholesterol increases polymer binding between 2- and 4-fold over the range of 

liposome sizes studied. These results demonstrate that cholesterol plays a dominant role, and 

bilayer curvature has a less significant impact as the curvature decreases, on polymer–membrane 

association.

Graphical abstract

INTRODUCTION

Pluronics, also known as poloxamers, are one of the most widely used classes of commercial 

nonionic surfactants.1−3 These compounds are symmetric triblock copolymers, composed of 

a central hydrophobic block of poly(propylene oxide) (PPO) flanked by two hydrophilic 

blocks of poly(ethylene oxide) (PEO). Their biocompatibility and amphiphilicity provide 

them with great potential for biomedical applications. Hydrophilic dominant Pluronics, such 

as F68 (also referred to as poloxamer 188), which contains 80 wt % PEO (27 and 75 repeat 

units per PPO and PEO block, respectively), have been used as membrane stabilizers to 

block dystrophic heart failure,4 protect dystrophic skeletal muscle,5 and prevent reperfusion 

injury after myocardial infarction.6 In contrast, Pluronics with longer hydrophobic PPO 

blocks, such as F127 (ca. 64 and 108 repeat units per PPO and PEO block, respectively), or 

with lower PEO content, such as L61 (ca. 10 wt % PEO), have been applied to facilitate 

drug and gene delivery due to their facile incorporation into the cell membrane.7–11 

Recently, diblock analogues of Pluronics have been investigated in cellular assays by Kim et 

al., which demonstrate the protective effect of the diblock architecture on cell membranes 

against hypo-osmotic stress in vitro.12 Houang and co-workers also found that modifying the 

PPO end group chemistry of PPO–PEO diblock polymers can significantly affect the 

protection efficacy using dystrophic animal models in vivo.13 These, and many other results, 

indicate that polymer structure plays a critical role in the interactions of Pluronictype 

surfactants with cell membranes.
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Numerous studies have focused on developing a basic understanding of polymer–membrane 

association mechanisms, using lipid bilayer systems as model membranes.14–24 Cheng et al. 

suggested that the hydrophobic PPO block inserts into the membrane interior whereas the 

hydrophilic PEO block weakly adsorbs onto the membrane surface.14 Smallangle X-ray 

scattering experiments and coarse-grained molecular dynamic simulations indicate that the 

PPO block length is the key determinant for association with lipid membranes.18,19,21 In our 

previous work, we systematically investigated how polymer structure dictates the polymer 

interaction with lipid bilayers by quantifying the binding of both triblocks and diblocks to 

unilamellar liposomes.25 Larger molecular weight and more hydrophobic PPO−PEO block 

polymers were found to have stronger interactions with lipid bilayers.

Despite advances made in this field, most reported work has aimed at understanding the 

mechanism of polymer–membrane association from the polymer perspective, whereas only a 

few studies explored how membrane composition influences the interactions between lipid 

bilayers and amphiphilic polymers.24,26 Composition has a significant impact on multiple 

membrane properties. Cholesterol, e.g., is one of the most common molecules found in 

eukaryotic cell membranes and can make up as much as 50 mol % of plasma membranes.27 

It is a predominantly hydrophobic molecule, composed of steroid rings and a hydroxyl 

group. The moderate amphiphilicity due to the presence of the hydroxyl group tends to 

orient the cholesterol molecule such that the hydroxyl group is located at the interface 

between the membrane interior and aqueous medium via hydrogen bonding with lipid 

headgroups and water molecules whereas the steroid rings sit in the membrane interior, 

parallel to the hydrocarbon chains.28–31 Cholesterol is a vital component for maintaining the 

membrane integrity, controlling lipid packing, and regulating membrane fluidity.28,31–34 

Earlier work suggested that the addition of cholesterol into a lipid bilayer could increase the 

ordering of the alkyl chains of the lipids,35,36 increase membrane density,37–40 decrease 

membrane permeability,31 decrease membrane fluidity,41,42 increase mechanical strength of 

the membrane,34 and induce the formation of liquid domains enriched with particular lipid 

species.43−45 Additionally, membrane curvature could also play a role in the interactions 

with polymers. Work by Ahmed et al. using Raman spectroscopy indicated that the curvature 

of nanoparticlesupported lipid bilayers also has a significant effect on the conformational 

order and alkyl chain packing.46 By investigating the effect of cholesterol and bilayer 

curvature on the interactions between PPO–PEO type block copolymers and membranes, we 

aim to develop a deeper understanding of the mechanism of polymer–membrane association 

and bring the model membrane systems one step closer to real cell membranes.

In this paper, we quantify the copolymer interactions with model membranes at various 

cholesterol concentrations and bilayer curvatures, using pulsed-field-gradient NMR 

(PFGNMR). PPO–PEO block copolymers examined include commercial Pluronics (Scheme 

1a) and a lab-synthesized diblock analogue containing a tert-butyl group attached to the end 

of the PPO block (Scheme 1b). Unilamellar liposomes were used as model membranes due 

to the ease of tuning composition and curvature. Phosphatidylcholine (POPC, Scheme 1c), 

one of the most common lipids found in plasma membranes, has been widely used as a 

major component of model systems.15–17 Herein, the lipid bilayer composition was 

manipulated by mixing cholesterol (Scheme 1d) at various concentrations with POPC. Pure 

POPC bilayers were prepared as controls. Bilayer curvature was manipulated by varying the 
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liposome size. Polymer binding to liposomes was quantified by PFG-NMR. This technique 

has been applied to determine self-diffusion coefficients of small molecules,47 to assess drug 

partitioning to polymer,48,49 and to quantify the molecular exchange rate through 

membranes of polymersomes.50–52 In the case of polymers mixed with liposomes, the 

diffusivity of polymers bound to liposomes can be distinguished from that of free polymers 

by PFG-NMR, from which the polymer binding can be quantified. Our results demonstrate 

that the cholesterol concentration has a significant effect on polymer−membrane association 

and bilayer curvature less so with increasing liposome size.

MATERIALS AND METHODS

Materials.

Pluronics F68, F127, and P103 were provided by BASF. The materials used for anionic 

polymerization, including ethylene oxide (EO, ≥99.5%), propylene oxide (PO, ≥99%), 

potassium tert-butoxide, n-butyllithium, naphthalene, potassium, and 18-crown-6 ether, were 

purchased from Sigma-Aldrich and used as received. 1Palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) and 1,2dioleoyl-sn-glycero-3-phosphocholine (DOPC) in 

chloroform were purchased from Avanti Polar Lipids (Alabaster, AL) and used as received. 

Cholesterol (≥99%) and the chemicals used for matrix-assisted laser desorption ionization 

(MALDI) characterization, including silver trifluoroacetate (AgTFA) and α-cyano-4-

hydroxycinnamic acid (CHCA, ≥98%), were also purchased from Sigma-Aldrich. 

Deuterium oxide (D2O, 99.9 atom % D) and chloroform-d (CDCl3, 99.8 atom % D + 0.05% 

v/v tetramethylsilane) were purchased from Cambridge Isotope Laboratories, Inc.

Polymer Synthesis.

A PPO–PEO diblock polymer with a tertbutyl end group, tPPO14–PEO46, was synthesized 

by anionic polymerization. The subscripts in the designation denote the number-average 

degrees of polymerization, and “t” represents the tert-butyl end group on the PPO block. The 

synthesis followed procedures described elsewhere and was reported previously.25,53–55 The 

main steps are summarized as follows. First, PO monomers were initiated using potassium 

tert-butoxide in tetrahydrofuran (THF) and reacted for 48 h under an air- and water-free 

environment at room temperature. Excess 18-crown-6 ether was present to reduce side 

reactions.53 The reaction was terminated by excess acidic methanol. Next, the PEO block 

was added to the PPO block by reinitiating the hydroxyl end group on the PPO block with 

freshly made potassium naphthalenide at 45 °C and reacting for 24 h before termination. 

Finally, the monohydroxyl terminated PPO–PEO block polymer was obtained by removing 

naphthalene and potassium salts through dialysis, followed by freeze-drying in benzene. The 

resulting fine white polymer powder was then characterized.

Polymer Characterization.

The number-average molecular weight (Mn) and dispersity (Đ). of each polymer were 

characterized by both matrix-assisted laser desorption ionization (MALDI) mass 

spectroscopy (AB SCIEX TOF/TOF 5800) and size exclusion chromatography (SEC) 

(Phenogel columns, Phenomenex) with a multiangle laser light scattering detector (Wyatt 

DAWN). Polymer compositions (wPEO) were determined on the basis of the mole fraction 
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obtained by 1H NMR spectroscopy (Bruker AV-500). MALDI samples were prepared by 

mixing a polymer solution (1 mg/mL in THF, 0.1 mL) with a matrix solution of CHCA (20 

mg/mL in THF, 0.2 mL) and a salt solution of AgTFA (1 mg/mL in THF, 5 μL). Sample 

solutions of 10 mg/mL polymers in THF were prepared for SEC measurements, using THF 

as the mobile phase at a flow rate of 1 mL/min. The refractive index increment (dn/dc) for 

each polymer was estimated from the weight average of PPO (dn/dc = 0.087 mL/g) and PEO 

(dn/dc = 0.068 mL/g).56,57 1H NMR samples were prepared as 10 mg/mL polymers in 

CDCl3. Table 1 summarizes the number-average molecular weight Mn, dispersity Đ, weight 

fraction of PEO wPEO, and the corresponding average number of repeat units of PO (NPO) 

and EO (NEO). These data were also reported in our previous study.25

Liposome Preparation.

The procedures for liposome preparation were modified from the established method 

described elsewhere.15,25,58–60 First, the organic solvent present in the commercial 

phospholipid solution (e.g., 10 mg/mL POPC in chloroform) was evaporated under a 

nitrogen atmosphere to yield a thin lipid film on the wall of a glass vial. The thin film was 

further dried under vacuum for 30 min to remove the organic solvent completely. Next, the 

dried lipid film was hydrated with D2O, which gave a final lipid concentration of 10 mM. 

During the hydration process, the sample vial was kept in a water bath at 37 °C for 1 h, with 

vortex applied every 5 min to the lipid suspension to facilitate the formation of large 

multilamellar lipid vesicles. Last, the lipid suspension was extruded through a polycarbonate 

membrane back and forth 27 times to obtain the final liposome solution, using an Avanti 

Mini-Extruder assembly. The curvature κ of the lipid bilayer was manipulated by varying 

the liposome size (Scheme 2), as κ = 1/R, where R is the liposome radius. This was 

accomplished by using polycarbonate membranes with 25, 50, and 100 nm radius pores. The 

hydrodynamic radius Rh of the liposomes obtained from dynamic light scattering (DLS) was 

used to calculate κ. In the case of bicomponent liposome preparation (i.e., POPC/

cholesterol), POPC lipids were mixed with cholesterol in chloroform at a specific ratio 

calculated from the desired composition, followed by the same procedures described above.

Dynamic Light Scattering (DLS).

Multiangle DLS measurements were performed on a Brookhaven BI-200SM system with a 

laser wavelength of 637 nm at 27 °C. Each sample was measured at five scattering angles 

ranging from 60 to 120° in 15° increments in a temperature-controlled decalin bath that 

matches the refractive index of the sample cell. The resulting intensity autocorrelation 

functions were fit to a second-order cumulant expansion to acquire the mean decay rate Γ 
and dispersity, represented by the reduced second cumulant μ2/Γ2, at each angle. The mutual 

diffusion coefficient Dm was obtained from the linear fit of Γ versus q2, where q is the 

scattering wavevector (eq 1). The average hydrodynamic radius Rh was further calculated 

from Dm through the Stokes−Einstein relationship (eq 2). Liposome samples were diluted 

with D2O to 100 μM from the original 10 mM stock solution for DLS measurements. All 

samples were filtered through 0.2 μm filters before measurements.

Zhang et al. Page 5

Langmuir. Author manuscript; available in PMC 2020 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Γ = Dmq2 (1)

Dm = kBT
6πηRh

(2)

Cryogenic Transmission Electron Microscopy (Cryo-TEM).

Solution samples were prepared for imaging using a FEI Vitrobot Mark IV vitrification 

system with the climate control chamber set to 27 °C and 100% humidity. Five microliters of 

the sample were pipetted onto a lacy carbon/Formvar grid (Ted Pella, 200 mesh) that was 

previously cleaned and hydrophilized using a PELCO easiGlow glow discharge cleaning 

system. The sample was annealed in the chamber for 1 s before the grid was blotted for 7 s 

with the instrument-defined blot force set to −2, equilibrated for 3 s, and plunged into liquid 

ethane cooled by liquid nitrogen. The grids were then transferred into liquid nitrogen for 

storage prior to imaging. The vitrified sample grids were transferred to a Gatan-626 single 

tilt cryoholder and imaged using an FEI Tecnai G2 Spirit BioTWIN microscope operated at 

120 kV coupled with a FEI Eagle chargecoupled device camera (2048 × 2048 pixels).

NMR Spectroscopy.

A Bruker Avance III 500 MHz NMR instrument with a 5 mm broadband fluorine observe 

probe was employed for PFG-NMR measurements, using the “ledbpgp2s” stimulated pulse 

sequence (longitudinal eddy current delay experiment using bipolar gradients acquired in 

two dimensions).61 The echo-attenuated intensity I was recorded from each one-dimensional 
1H spectrum corresponding to increasing gradient strengths G (from 2 to 95% of the 

maximum gradient strength). The translational diffusivity (D) of the samples was extracted 

from the linear fit on the basis of the following relationship

ln I
I0

= − γ2δ2G2D Δ − δ
3 (3)

where I0 is the intensity with respect to zero gradient strength and γ is the gyromagnetic 

ratio of 1H (42.6 MHz/T). The length of the gradient pulse δ was set to 5 ms, and the 

diffusion time Δ was set to 300, 500, and 700 ms for polymer–liposome mixtures and 700 

ms for pure polymer solutions. Polymer diffusivity was acquired from the intensity 

attenuation of the PEO peak due to its strong signal at G = 0.

Polymer–liposome mixtures were prepared by combining 0.25 mL of 10 mM liposome stock 

solution with 0.25 mL of polymer stock solution (0.4 mg/mL for P103 and F127 and 2 

mg/mL for F68 and tPPO14−PEO46 in D2O). Note that the polymers P103 and F127 were 

dissolved at a lower concentration due to their relatively low critical micelle concentrations.
62,63 Pure polymer and pure liposome samples were prepared as controls by adding 0.25 mL 

of D2O to 0.25 mL of the polymer and liposome stock solutions, respectively. Pure polymer 

solutions measured by PFG-NMR followed single-exponential decays according to eq 3, as 

depicted by the linear relationship (open symbols) in Figure 2. On the other hand, in the 
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polymer–liposome mixtures, a fraction of polymers bound to the liposome surface results in 

a contribution to the decay profile that reflects much slower diffusion than that of the 

remaining free polymers. We associate this slow diffusion with polymers bound to the 

liposomes, which have diffusivity that is 1 order of magnitude slower than that of free 

polymers. We further assume that the liposome diffusivity changes little before and after 

polymer binding. The coexistence of the bound and free states of polymers gave rise to 

biexponential decays, as modeled in eq 4

I
I0

= fbound exp −γ2δ2G2Dbound Δ − δ
3 + 1 − fbound

exp −γ2δ2G2Dfree Δ − δ
3

(4)

where Dfree and Dbound stand for the diffusivity of free and bound polymers, corresponding 

to the initial and final slope of the decay curves (filled symbols) in Figure 2, respectively. 

The binding percentage of polymers to liposomes, fbound, was quantified by fitting this 

biexponential model to the measured decay curves. Note that the molecular exchange rate 

between free and bound polymers can be neglected as the three decay curves shown in 

Figure 2 measured at different Δ collapsed onto each other. All samples were measured at 27 

°C with a temperature fluctuation less than ±0.3 °C (indicated by the temperature monitor 

inside the NMR equipment). The temperature of 27 °C was used to ensure that all polymers 

are free coils and that there is no micelle formation.25 We speculate that at higher 

temperature, polymer binding would increase as the drive for polymers to insert into 

hydrophobic bilayer interiors, or to form hydrophobic micellar cores, is stronger. Our 

previous work found that the incubation time of polymers with liposomes prior to 

measurements has little influence on polymer binding.25 Therefore, all freshly made samples 

were measured with no further incubation.

RESULTS AND DISCUSSION

Liposome Size Characterization.

Table 2 summarizes the mean Rh and dispersity (μ2/Γ2) values for the liposomes prepared 

using the three pore sizes, as characterized by DLS. When extruded through a polycarbonate 

membrane with a 25 nm pore radius, the Rh of POPC/cholesterol liposomes increases from 

42 to 57 nm as the molar percentage of cholesterol in the bilayer increases from 0 to 30 mol 

%. On the other hand, the Rh of the liposomes at intermediate size (i.e., extruded through a 

polycarbonate membrane with 50 nm pore radius) fluctuates slightly between 65 and 70 nm 

with cholesterol composition. This variation in Rh is within experimental uncertainty. These 

results indicate that the effect of cholesterol on liposome Rh is more significant for smaller 

liposomes. Previous work found a remarkable increase of liposome Rh when the liposomes 

extruded with 50 nm pore radius contain more than 20 mol % cholesterol, which could be 

attributed to increasing membrane stiffness.64 Such an increase in liposome Rh, however, 

was only observed here in the liposomes extruded with a 25 nm pore radius. The dispersity 

of liposomes was not affected by the presence of cholesterol or the extrusion pore radius, as 

the values of μ2/Γ2 are all less than 0.1. Note that the variations in liposome size do not 

affect the quantification of polymer binding, since the liposome diffusion is still 1 order of 
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magnitude slower than that for the free polymer molecules, and accordingly, the diffusion 

coefficients of bound and free polymers can still be readily distinguished by PFG-NMR.

Additionally, cryo-TEM was employed to characterize the size and morphology of 

liposomes with selected compositions. Liposomes with 0, 10, and 30 mol % cholesterol 

extruded through a polycarbonate membrane with 50 nm pore radius were selected as 

representative for cryo-TEM imaging, as shown in Figure 1a–c, respectively. Liposome 

morphology shows little change as the cholesterol molar percentage increases. A small 

number of multilamellar liposomes are present at all three cholesterol concentrations. The 

estimated percentages of liposome surface area within multilamellar liposomes are 

summarized in Table S1; at all three cholesterol concentrations, a similar small percentage of 

surface area is sequestered in the multilamellar liposomes (i.e., less than 20%). The 

sequestered surface area of liposomes could be potentially reduced by increasing the times 

of extrusion.58 Histograms of liposome radius measured from cryo-TEM are plotted in 

Figure 1d–f. The mean and standard deviation of the liposome radius calculated from the 

histograms are summarized in Table S1 (i.e., 49 ± 17, 50 ± 19, and 46 ± 21 nm at 0, 10, and 

30 mol % cholesterol, respectively). The mean radius of the liposomes at all three 

cholesterol concentrations is close to the extrusion pore radius (i.e., 50 nm). The mean 

radius is apparently constant, as the standard deviation is relatively large. This suggests that 

increasing cholesterol molar percentage in the lipid bilayer results in little change of 

liposome size in the case of a 50 nm extrusion pore radius, which agrees with the conclusion 

obtained from DLS. The histograms are reasonably well represented by a normal 

distribution based on the mean and the standard deviation obtained from the histograms, as 

shown in Figure 1. The liposome radii measured by cryo-TEM were found to be smaller 

than the Rh measured by DLS. We attribute this difference to the following reasons: (1) Rh 

includes the thickness of the hydration layer of the lipid headgroups, and (2) DLS is skewed 

toward large size particles, since it measures intensity-averaged size and the scattered 

intensity of vesicles is proportional to R2, whereas cryo-TEM measures the numberaveraged 

size.65

Effect of Cholesterol.

The role of cholesterol was investigated by quantifying the binding of four representative 

PPO–PEO block copolymers (F127, P103, tPPO14–PEO46, and F68) to the POPC liposomes 

containing various molar ratios of cholesterol using the intermediate size liposomes (i.e., 

extruded through a polycarbonate membrane with 50 nm pore radius). F127 and P103 have 

relatively strong interactions with lipid bilayers compared to F68 and tPPO14–PEO46. More 

than 10 mol % of F127 and P103 bind to neat POPC liposomes, whereas less than 1 mol % 

of tPPO14−PEO46 and F68 associated with the same bilayer particles (Table S2). Echo decay 

curves of F127 in the presence of liposomes with increasing cholesterol concentration are 

shown in Figure 3 as an example. In the control case of F127 interacting with neat POPC 

liposomes (Figure 2), the strong signal intensity of the echo decay curves retained at the 

final slope illustrates that a substantial fraction of polymers is bound to the liposomes. In 

contrast, the polymer signal at the final slope becomes weaker upon increasing the 

cholesterol concentration in the lipid bilayer, indicating diminished polymer binding (Figure 

3). When the cholesterol content reaches 10 mol %, the final slope of the polymer decay 
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curves becomes noisy and less reliable, due to a lack of bound polymer. The decay curves 

barely display a final slope when the lipid bilayer contains more than 20 mol % cholesterol; 

the decay curve closely resembles a single-exponential decay of free polymers, thereby 

indicating little interaction between the polymers and lipid bilayers. The binding percentages 

of all four polymers (F127, P103, tPPO14–PEO46, and F68) extracted from the NMR data 

are plotted as a function of cholesterol molar percentage in the POPC/cholesterol lipid 

bilayers in Figure 4a,b. The trends found for F127, P103, and tPPO14–PEO46 are similar, 

where polymer binding decreases as cholesterol concentration increases, despite much 

weaker interactions between tPPO14–PEO46 and the liposomes. Binding of F68 was only 

measured with neat POPC liposomes; due to the low extent of association there was 

inadequate signal to noise to quantify the extent of binding in the presence of cholesterol 

indicative of little interaction. Note that the tert-butyl ended diblock was selected instead of 

one with a hydroxyl end because the latter has very weak interaction with pure POPC 

bilayers and therefore does not show a clear binding trend upon varying cholesterol 

concentration.25 Also, the tert-butyl ended diblock showed greater potential in cell 

membrane stabilization, as previous in vitro and in vivo studies found that the tert-butyl end 

group on the PPO block can significantly enhance the polymer stabilization efficacy for 

damaged cell membranes.12,13

These results are broadly consistent with earlier studies, which suggested that the addition of 

cholesterol decreases the polymer association with liposomes.24,26 Johnsson et al. studied 

the morphology of liposomes prepared with premixed Pluronics and lipids, with and without 

cholesterol.24 They found that inclusion of cholesterol in the liposomal preparations reduces 

the incorporation of copolymers in the lipid bilayer, and thus reduces the liposomal 

morphological changes due to the presence of copolymers observed in the absence of 

cholesterol. According to their study, we speculate that the binding trend would be similar if 

the polymer were added at the time of liposome formation (i.e., fewer polymers can 

incorporate into lipid bilayers as cholesterol increases). In order to compare the cholesterol 

effect on F127, P103, and tPPO14–PEO46, the polymer binding at various cholesterol 

concentrations was normalized to the binding with neat POPC liposomes (i.e., no cholesterol 

addition) so that the binding trend of the three polymer species can be plotted on the same 

scale, as shown in Figure 4c. It can be seen that all three polymers exhibit a universal trend, 

with a remarkable ten-fold decrease in binding as the cholesterol concentration increases to 

30 mol %. This cholesterol weakening effect on polymer binding has little relative 

dependence on polymer species across a wide range of relative hydrophobicities, an 

observation that will be rationalized subsequently. The diffusion coefficients of free and 

bound polymers used for fitting and the resulting binding percentage of polymers to POPC 

liposomes at increasing cholesterol concentration are summarized in Table S2. Data for 

polymer binding with neat POPC liposomes were reported previously.25

Significantly reduced polymer binding to liposomes could result from the change of 

membrane properties due to the presence of cholesterol. Membrane stiffness is a likely 

candidate, since the addition of cholesterol can induce ordering in lipid hydrocarbon chains, 

leading to membrane structural condensation and thereby increasing the bending modulus of 

the membrane.64,66 Previous work of Arriaga and co-workers demonstrated that the bending 

modulus of POPC lipid bilayers significantly increases with added cholesterol.64 Pan et al. 
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also investigated the effect of cholesterol on the membrane bending modulus, and reported 

that the stiffening effect of cholesterol on lipid bilayers is largely reduced when the 

phospholipids contain two mono-unsaturated hydrocarbon chains, compared to one or none.
66 In order to test if the weakening effect of cholesterol on polymer binding depends on the 

degree of unsaturation of lipids, we compared the polymer binding to POPC liposomes with 

that to DOPC liposomes at increasing cholesterol molar percentage in the membrane. Since 

DOPC contains two mono-unsaturated hydrocarbon chains (Figure S1a), while POPC only 

contains one, DOPC lipid bilayers remain more flexible (i.e., lower bending modulus) than 

POPC bilayers when cholesterol is present, based on the study of Pan and co-workers. As 

shown in Figure S1b, the polymer binding to DOPC liposomes is always greater than with 

POPC, despite the same overall trend that the binding decreases as the cholesterol molar 

percentage increases. After normalizing to the binding in the absence of cholesterol (Figure 

S1c), it can be seen that the polymer binding to DOPC liposomes decays more slowly than 

for POPC with increasing cholesterol. This indicates that cholesterol is less effective in 

reducing polymer binding to the lipid bilayers containing more mono-unsaturated 

hydrocarbon chains, which indirectly supports the hypothesis that the lipid bilayers with 

lower stiffness (i.e., lower bending modulus) favor more polymer binding. Additionally, the 

hydrophobicity of the membrane alkyl chain region may also play an important role, as the 

hydrophobic interaction between the lipid bilayer interior and the PPO block of the polymers 

is a key determinant of the amount of polymer binding.25 The addition of cholesterol may 

disturb such interactions since the steroid rings of cholesterol sitting in the bilayer interior 

are much more hydrophobic than lipid alkyl chains or the PPO blocks.67,68 We suspect that 

it is less favorable for the PPO blocks to associate with a much more hydrophobic 

component in the bilayer interior. It is also possible that the copolymer interacts less 

favorably with a more ordered lipid, or that increased membrane organization retards the 

initial stages of polymer association.

Bilayer Curvature Effect.

Lipid bilayer curvature can be simply manipulated by altering the liposome size. Our 

previous work on quantifying polymer binding to lipid bilayers was based on liposomes with 

an intermediate extrusion pore radius of 50 nm.25 Herein, two additional sizes of extrusion 

pore radius (25 and 100 nm) were used in order to obtain liposomes with three different 

curvatures, corresponding to κ = 0.009, 0.014, and 0.024 nm−1, calculated as κ = 1/Rh. F127 

and P103 were selected as representative strongly binding polymers, whereas tPPO14–

PEO46 and F68 were weakly binding polymers.25 The binding percentages of the strongly 

and weakly interacting polymers with increasing lipid bilayer curvature are shown in Figure 

5a,b, respectively. The bilayer curvature, the diffusion coefficients of free and bound 

polymers used for fitting, and the resulting polymer binding percentage are summarized in 

Table S3. The binding of all four polymers increases as the lipid bilayer curvature increases. 

These results have also been normalized to the binding at the smallest curvature, as shown in 

Figure 5c. It can be seen that the normalized binding as a function of curvature for all 

polymer species except F68 collapse onto a consistent increasing trend with κ, i.e., higher 

curvature results in greater polymer binding. When the bilayer curvature is less than 0.014 

nm−1 (corresponding to an extrusion pore radius of 50 nm), polymer binding (except F68) is 

almost independent of the curvature. This finding validates the rationale for using liposomes 
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with an extrusion pore radius of at least 50 nm as models to mimic the flat configuration of 

real cell membranes, as assumed in previous studies of polymer−membrane association.
14,15,24,69 The inconsistent binding trend of F68 can be attributed to its extremely weak 

interactions with liposomes, as the binding percentage at highest curvature is only 0.2%; the 

inherently weak association of F68 with liposomes gives rise to large uncertainty in 

quantifying the polymer binding. We speculate that the higher polymer binding at higher 

bilayer curvature may be associated with the existence of greater space in the outer leaflet of 

the lipid bilayer with higher curvature. Interaction with polymers could mitigate the 

thermodynamic penalty associated with such inferior packing.

We have demonstrated that higher cholesterol molar percentage in the lipid bilayer results in 

less polymer binding, whereas higher bilayer curvature results in more polymer binding. To 

investigate whether the cholesterol weakening effect on polymer binding can be mitigated by 

higher curvature of the lipid bilayers, we further measured the binding of F127 to lipid 

bilayers with a higher curvature (i.e., extruded through a pore radius of 25 nm) as a function 

of cholesterol molar percentage (Figure 6a). Compared with its binding to the bilayer with 

an intermediate curvature (i.e., extruded through a pore radius of 50 nm), F127 shows 

significantly more binding at higher curvature until the cholesterol molar percentage reaches 

20 mol %. At 20 and 30 mol % cholesterol, the binding percentage at both curvatures drops 

below 2% and shows no significant difference. Note that the liposomes at these high 

cholesterol levels exhibit more similar curvatures (κ = 0.018 and 0.014 nm−1) because the 

curvatures of the liposomes extruded through the 25 nm pores decreased with increased 

cholesterol (Table 2). For brevity, the average curvature of the liposomes extruded through 

the same pore radius is shown in Figure 6 (i.e., 0.015 nm−1 for liposomes extruded through 

the 50 nm pore radius and 0.020 nm−1 for the 25 nm pore radius). Polymer binding at both 

curvatures as a function of the cholesterol molar percentage was further normalized to their 

original binding with neat POPC liposomes (i.e., no cholesterol addition). As shown in 

Figure 6b, the two curves overlap with each other and follow the same decreasing trend as 

the cholesterol molar percentage increases. This indicates that the cholesterol weakening 

effect on polymer binding has little dependence on the lipid bilayer curvature. The diffusion 

coefficients of free and bound polymers used for fitting and the resulting polymer binding 

percentage at higher curvature (i.e., 0.020 nm−1) are summarized in Table S4.

Figures 4c and 6b reveal similar trends for relative polymer binding with an increasing 

cholesterol molar percentage, independent of polymer species and lipid bilayer curvature. A 

rather straightforward argument can rationalize both the exponential form of the decay and 

the fact that the normalized curves for quite different polymers collapse onto a single curve. 

The polymer binding percentage, fbound, can be converted to an equilibrium binding constant 

K as follows,

K = [bound]
[free] = fbound

100 − fbound
= exp − ΔG°

RT (5)

where K is defined as the ratio of the concentration of bound polymers ([bound]) to that of 

free polymers ([free]), assuming that the concentration of lipid binding sites remains 

unchanged and thereby is incorporated into K. K is related to the standard free-energy 
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change of the binding process, ΔG°, where R is the gas constant and T is the temperature. 

For a given polymer, we can define three free energies, corresponding to three possible 

states: free in solution, bound to 100% lipid, and bound to 100% cholesterol (a hypothetical 

limit). If the binding to a mixed lipid/cholesterol layer is linear in the cholesterol 

composition x, analogous to an assumption of “ideal mixing” in the layer, then ΔG° will 

vary linearly with the cholesterol molar percentage. This assumption is therefore sufficient 

to explain the single-exponential decay observed (see the derivation in the Supporting 

Information for more details). Then, if we make a further assumption that the incremental 

free-energy cost to bind a more hydrophilic polymer compared with a more hydrophobic 

polymer is the same for pure lipid and for pure cholesterol, then the exponential decay 

constant A is independent of polymer. K for the various polymer species interacting with 

liposomes with different curvatures is plotted as a function of x in Figure 7. Each curve is fit 

to a single-exponential decay model

K(x)
K(0) = exp( − Ax) (6)

and the fitted values of parameter A are summarized in Table S5. Within the uncertainty of 

these fits all data can be accounted for by a single value of A. This confirms the assumption 

that the difference of the standard free energy of a polymer bound to a liposome composed 

of 100 mol % POPC compared with a hypothetical liposome composed of 100 mol % 

cholesterol changes little with variation of the polymer species or bilayer curvature.

CONCLUSIONS

We have investigated how cholesterol concentration and lipid bilayer curvature affect the 

interaction of both strongly and weakly binding PPO–PEO block copolymers with POPC 

and DOPC liposomes. Copolymer binding to liposomes was probed by PFG-NMR, which 

can resolve the relative amounts of free and liposome-bound polymers. The role of 

cholesterol was studied by quantifying polymer binding at various cholesterol molar 

percentages. For POPC, the copolymer binding decays exponentially with the cholesterol 

composition, by a factor of 10 at 30 mol % cholesterol relative to the pure POPC bilayer. 

This could be due to an increase in the membrane bending modulus and/or hydrophobicity. 

Polymer binding also decreases as the bilayer curvature decreases, most notably between 

liposomes with extrusion radii of 25 and 50 nm, with less variation as the size increases to 

100 nm. This may be due to the creation of a greater void space in the outer leaflet of the 

lipid bilayer with a higher curvature, which is mitigated by the presence of the hydrophobic 

PPO blocks. All data obtained with the weakly and strongly associating PPO–PEO block 

copolymers at different bilayer curvatures and with varying cholesterol content can be 

reduced to a single-exponential curve of the normalized equilibrium binding constant K 
versus the cholesterol content. This superposition can be rationalized with only two 

plausible assumptions that the free-energy change of binding is linear in cholesterol content 

and that the increment in free energy to bind a more hydrophilic polymer than a more 

hydrophobic one is independent of the membrane composition. In summary, these results 

demonstrate that cholesterol in the lipid bilayer plays a dominant role in controlling the 

interactions of liposomes with both weakly and strongly adsorbing PPO–PEO block 
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polymers. This finding establishes a key factor in understanding how Pluronics/poloxamers 

impact cellular activity in living systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. 
Chemical Structures of (a) Pluronic Triblock Copolymer, (b) a PPO−PEO Diblock 

Copolymer with a tert-Butyl End Group on the PPO Block, (c) Phosphatidylcholine (POPC), 

and (d) Cholesterol
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Scheme 2. 
Schematic of Manipulating Bilayer Curvature by Varying the Liposome Size
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Figure 1. 
Cryo-TEM images of 10 mM liposomes in D2O composed of (a) POPC, (b) 90 mol % 

POPC + 10 mol % cholesterol, and (c) 70 mol % POPC + 30 mol % cholesterol extruded 

through a polycarbonate membrane with a 50 nm pore radius. (d)–(f) are corresponding 

histograms of liposome radius measured from cryo-TEM compared with normal distribution 

based on the mean and the standard deviation of the population. Nonspherical liposomes 

were excluded. The radius of a multilamellar liposome was measured at the outermost 

vesicle.
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Figure 2. 
Experimental and fitted echo decay curves of the protons from PEO of 0.2 mg/mL F127 in 

the presence of 5 mM POPC liposome in D2O at 27 °C with Δ = 300, 500, and 700 ms 

(filled circles, filled squares, and filled triangles, respectively) and with fixed δ = 5 ms. The 

data were fit to eq 4. The open circles denote the proton signal from PEO of 0.2 mg/mL 

F127 in the absence of liposomes; these data were fit to eq 3.
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Figure 3. 
Experimental and fitted echo decay curves of the protons from PEO of 0.2 mg/mL F127 in 

the presence of 5 mM POPC/cholesterol liposome solution in D2O at 27 °C with (a) 1 mol 

%, (b) 2 mol %, (c) 5 mol %, (d) 10 mol %, (e) 20 mol %, and (f) 30 mol % cholesterol.
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Figure 4. 
Polymer binding percentage of (a) two strongly bound polymer species, and (b) two weakly 

bound polymer species as a function of cholesterol molar percentage in POPC/cholesterol 

lipid bilayers. (c) Binding trend of three polymer species as a function of cholesterol molar 

percentage in the lipid bilayer, normalized to their binding with pure POPC lipid bilayers.
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Figure 5. 
Polymer binding percentage of (a) two strongly bound polymer species, and (b) two weakly 

bound polymer species as a function of POPC lipid bilayer curvature. (c) Binding trend of 

four polymer species as a function of POPC lipid bilayer curvature, normalized to their 

binding to the liposome with the smallest curvature.
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Figure 6. 
(a) Polymer binding percentage and (b) normalized polymer binding of 0.2 mg/mL F127 to 

POPC/cholesterol liposomes with κ = 0.015 nm−1 (black) and κ = 0.020 nm−1 (red) as a 

function of the cholesterol molar percentage.
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Figure 7. 
Single-exponential decay model fitted to the normalized K of various polymer species bound 

to POPC/cholesterol liposomes with different curvatures as a function of the cholesterol 

molar percentage.
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Table 2.

Liposome Size Characterization in D2O by DLS

cholesterol molar percentage (mol %) extrusion pore radius (nm)
Rh

a
 (nm) μ2/Γ2 at 90°

0 25 42 0.06

1 25 48 0.06

2 25 47 0.07

5 25 48 0.07

10 25 51 0.06

20 25 55 0.06

30 25 57 0.05

0 50 70 0.04

1 50 70 0.03

2 50 70 0.04

5 50 65 0.06

10 50 67 0.04

20 50 68 0.03

30 50 69 0.05

0 100 109 0.07

a
Rh measured by DLS has approximately 5% uncertainty.
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