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The structure and dynamics of lipid membranes in the presence of extracellular macromolecules are critical for cell 

membrane functions and many pharmaceutical applications. The pathogen virulence-suppressing end-phosphorylated 

polyethylene glycol (PEG) triblock copolymer (Pi-ABAPEG) markedly changes the interactions with lipid vesicle membranes 

and prevents PEG-induced vesicle phase separation in contrast to the unphosphorylated copolymer (ABAPEG). Pi-ABAPEG 

weakly absorbs on the surface of lipid vesicle membranes and slightly changes the structure of 1,2-dimyristoyl-sn-glycero-

3-phosphocholine (DMPC) unilamellar vesicles at 37 oC, as evidenced by small angle neutron scattering. X-ray reflectivity 

measurements confirm the weak adsorption of Pi-ABAPEG on DMPC monolayer, resulting in a more compact DMPC 

monolayer structure. Neutron spin-echo results show that the adsorption of Pi-ABAPEG on DMPC vesicle membranes 

increases the membrane bending modulus . 

Introduction 

Polyethylene glycol (PEG) is widely applied in PEG-conjugated 

(“PEGylated”) pharmaceuticals for protein/peptide 

conjugation.1 A recent discovery by our group showed that an 

end-phosphorylated PEG copolymer with a hydrophobic 

bisphenol A (BPA) centre (Pi-ABAPEG) could be used as the 

virulence-directed agent for treating diseases and disorders 

involving microbial pathogens, such as intestinal microbial 

pathogens, e.g., Pseudomonas aeruginosa.2-4 Those diseases 

and disorders characterized by an epithelium attacked by a 

microbial pathogen are contemplated, including 

gastrointestinal infections and inflammation, e.g., treatment of 

intestinal or oesophageal anastomosis or treatment or 

suppression of anastomotic leakage. Pi-ABAPEG (Figure 1) 

integrates the effect of inorganic phosphate, a key and 

universal “cue” in response to which bacteria either enhance 

their virulence when local phosphate is scarce or 

downregulate it when phosphate is abundant, at the end of 

both PEG polymer blocks, resulting in effective inhibition of 

the multidirectional signalling between microbes, pathogens, 

and the host response.2-4 In vivo studies show that the 

unphosphorylated ABAPEG copolymer strongly interacts with 

epithelial membrane lipid rafts, key structures involved in cell 

signalling transduction, preventing dysregulation of barrier 

function and apoptosis.4,5 To understand the protective effect 

of Pi-ABAPEG better, a clear understanding of how PEGylated 

polymers affect the structure and dynamics of phospholipid 

 
 

Figure 1. The chemical structures of ABAPEG, Pi-ABAPEG, and DMPC. 



ARTICLE Journal Name 

2 | J. Name., 2012, 00,  1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

membranes is necessary.4,6,7 

Phospholipid bilayers recapitulate many features of living cell 

membranes: they are highly flexible, self-assembled, 

supramolecular structures that can undergo different dynamic 

conformational transitions.8 This flexibility of membrane 

structure is key to many biological processes, including cell 

adhesion, cellular uptake and release, and cellular signalling 

events.9-11 A variety of techniques, including fluctuation 

spectroscopy,12,13 micropipette aspiration,14 electro-

deformation,15 atomic force microscope (AFM),16 optical 

tweezers,17 X-ray scattering,18,19 and neutron spin echo 

spectroscopy,20 have been employed to study the membrane 

elastic properties. The extracellular environment also affects 

the structure and function of lipid membranes.21 Proteins, 

polysaccharides, proteoglycans, and various synthetic 

polymers can insert into or adsorb on the membrane surface, 

which alter membrane structure and dynamics and, thereby, 

affect membrane functionalities.22-24 The investigation of 

membrane structure and dynamics in the presence of 

extracellular macromolecules has drawn great attentions.21,25-

28 

In this paper, we report the experimentally measured 

structure and elasticity of 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC) model membrane in the presence of 

Pi-ABAPEG (Figure 1). The thermal fluctuation and undulation 

of DMPC unilamellar vesicle (ULV) membranes were measured 

using neutron spin-echo spectroscopy (NSE) complemented 

with structural characterization using dynamic light scattering 

(DLS), small angle neutron scattering (SANS) and X-ray 

reflectivity (XRR) techniques. 

Experimental Methods 

Synthesis and characterization of ABAPEG and Pi-ABAPEG. The 

ABAPEG triblock copolymers contain a hydrophobic BPA centre and 

two short PEG (≈ 5K) segments. Both protonated and deuterated 

ABAPEG triblock copolymers (hABAPEG and dABAPEG) were 

synthesized through anionic ring-opening polymerization of 

protonated and deuterated ethylene oxide (hEO and dEO) in THF 

solution in a custom heavy-wall glass reaction flask on Schlenk line. 

Under dry nitrogen atmosphere, either protonated or deuterated 

BPA dissolved in anhydrous THF at 0 oC, titrated with Potassium 

naphthalene to generate the initiators, followed by addition of hEO 

or dEO. After stirring for 1 h, the mixture was heated to 50 oC and 

allowed to react for 3 d. The polymerization was terminated with 

methanol and the polymer was recovered by precipitation in cold 

diethyl ether. 1H-nuclear magnetic resonance (1H-NMR: 500 MHz, 

CDCl3): δ 7.10 ppm (b, 4H), 6.79 ppm (b, 4H), 3.64 ppm (b, 800H), 

1.61 ppm (b, 6H). GPC (0.1M NaNO3 in H2O): hABAPEG: Mn = 8,900 

Da, PDI = 1.26; dABAPEG: Mn = 14,700 Da, PDI = 1.13. 

Phosphorylation of ABAPEG was carried out in a flame-dried flask 

under dry nitrogen atmosphere. At first, ABAPEG was dissolved in 

anhydrous THF at 50 oC, and then phosphorus oxychloride was 

added at once via gas-tight syringe. The solution was stirred under 

nitrogen pressure for 3 h, followed by the addition of small amount 

of water for quenching the reaction. After evaporation of THF and 

dialysis against Milli-Q water, the sample was lyophilized to give a 

white powder. 31P-NMR (D2O): δ 0.3 ppm. GPC (0.1M NaNO3 in 

H2O): hPi-ABAPEG: Mn = 10,400 Da, PDI = 1.20. dPi-ABAPEG: Mn = 

17,200 Da, PDI = 1.15. 

DMPC vesicle sample preparation. Both tail-deuterated and 

fully hydrogenated DMPC lipids were purchased from Avanti 

Polar Lipid. DMPC was first dissolved in chloroform with a 

concentration of 1 mg/ml. A desired volume of stock solution 

was then transferred to a glass culture tube with a syringe. 

Chloroform was removed by blowing with N2 stream, followed 

by drying in vacuum with gentle heating (40 oC) for a minimum 

of 12 h. Dry lipid films were then hydrated with D2O followed 

by vigorous vortexing at 40oC. The resulting multilamellar 

vesicles suspension was incubated at 40oC for at least 1 h and 

then subject to 5 freeze/thaw cycles between -80 oC and 50oC. 

ULV were prepared by a handheld miniextruder from Avanti 

Polar Lipids equipped with a 100-nm pore-diameter 

polycarbonate filter heated to 40 oC. For each sample, 41 times 

of the extrusion were performed. Sample concentration after 

extrusion was 40 mg/ml, which allows for further mixture with 

polymer samples to final concentration of 10 mg/ml for SANS 

measurements and 20 mg/ml for NSE measurements.  

DLS Measurements. Dynamic light Scattering (DLS) was 

measured at 90o using a BI-200SM goniometer containing a 

red laser diode with a wavelength of 637 nm and a TurboCorr 

digital correlator (Brookhaven Instruments, Holtsville, NY). 

Brookhaven Instruments DLS software was used to analyse the 

intensity autocorrelation function using the CONTIN method. 

Before the measurement, hDMPC vesicle solution and hPi-

ABAPEG solutions were well mixed to achieve a final polymer 

mass fraction of 0 %, 1 % and 3 %, and a final vesicle solution 

of 10 mg/ml. The samples were kept at 37 oC during the whole 

period of the measurement. 

SANS Measurements. SANS data were collected on the NG3-

SANS instruments at the Centre for Neutron Research (NCNR) 

at National Institute of Standards and Technology (NIST)29 and 

the CG-3 Bio-SANS instrument at the High Flux Isotope Reactor 

(HFIR) at Oak Ridge National Laboratory (ORNL).30 The incident 

neutron wavelength, λ, at NIST was selected to be 6 Å for 1 m 

and 4 m configuration and 8.9 Å for 13 m configuration, with a 

wavelength resolution of 11 %. λ at ORNL was selected to be 6 

Å for 1.1 m and 6.8 m configuration and 12 Å for 15.3 m 

configuration, with a wavelength resolution of 15 %. With 

these configurations, q was measured from 0.001 Å-1 to 0.557 

Å-1 at NIST and from 0.002 Å-1 to 0.717 Å-1 at ORNL. The sample 

thickness was 1 mm, loaded in standard quartz banjo cells 

(Hellma USA, Plainview, NY) and mounted in a temperature-

controlled cell holder with 0.1 oC accuracy at NIST and 1 oC at 

ORNL. The scattered intensity was corrected for instrument 

dark current, empty cell scattering, the sensitivity of individual 

detector pixels, and beam transmission to obtain the absolute 

neutron intensity through the direct beam flux method by use 

of the available data reduction macros based on the Igor Pro 

data reduction package provided by NCNR, NIST.31 The 

scattering length density (SLD) of pure hPi-ABAPEG and dPi-

ABAPEG copolymers were determined from the contrast 
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variation SANS (Figure S1 and S2). For all conditions, SANS data 

from the pure dPi-ABAPEG copolymers solution is used as the 

background for background subtraction. The statistical error 

bars correspond to one standard deviation. For pure polymer 

solutions, SANS data was analysed using the worm-like chain 

model32 in SASview33 (Figure S1). 

The SANS data of DMPC ULVs was analysed by a core-shell 

model.  We used three shells to describe the tails and heads of 

DMPC bilayer.  Two assumptions were made in the fitting: (1) 

the structures of the inner and outer leaflet of the membrane 

are decoupled, so any structural change to the outer leaflet of 

the membrane does not affect the structure of the inner 

leaflet of the membrane; and (2) the structures of the inner 

leaflet were assumed to remain intact in all the conditions. 

Since both tail and head layers are very thin, the condition of 

σ<<d, where σ is interfacial width and d is thickness, is 

violated. The effective-density model was used to obtain the 

continuous scattering length density profiles.34,35 Fittings were 

simultaneously performed on both protonated DMPC (hDMPC) 

and tail-deuterated DMPC (dDMPC) with shared parameters. 

NSE Measurements. Neutron spin echo measurements were 

performed at the NCNR on the NGA-NSE spectrometer. Prior 

to experiments, fresh samples were prepared and then 

incubated at 37 oC for 3 h, letting the system reach thermal 

equilibrium. A D2O and H2O mixed solvent with a volume ratio 

of 98.5:1.5 was used to reduce the scattering from dPi-ABAPEG 

copolymers in the q range of NSE measurements. The NSE 

measurements were conducted at three different q values: λ = 

11 Å, q = 0.05 Å-1; λ = 8 Å, q = 0.085 Å-1; and λ = 8 Å, q = 0.11 Å-

1. The covered Fourier time was up to 100 ns for λ = 11 Å and 

40 ns for λ = 8 Å, respectively. The reduction of NSE data was 

done using NCNR developed DAVE program and the analysis 

was performed using NCNR developed Igor macros.36 The 

statistical error bars correspond to one standard deviation.  

XRR measurements. X-ray reflectivity measurements were all 

performed at ChemMatCARS sector 15ID-C at the Advanced 

Photon Source of Argonne National Laboratory. DMPC was 

dissolved in chloroform with a concentration of 1mg/ml. 45 μL 

DMPC solution was deposited at the air-water interface at 37 
oC, allowed to relax 30 min before compressing to a surface 

pressure of 20 mN/m. The reflected intensity as a function of 

momentum transfer vector qz = 4sin/, where  is the 

incident angle and  is the X-ray wavelength. The statistical 

error bars correspond to one standard deviation. The fitting 

was done use a previously described procedure.37,38 

Results and Discussion 

SANS profiles of ABAPEG and Pi-ABAPEG copolymers in D2O 

with a mass fraction of 1 % show no differences at high q range 

(Figure S1). Fitting the SANS profiles of two polymers with a 

worm-like chain model gives almost identical results, 

suggesting that the polymer chain conformation of ABAPEG 

has no significant changes after end-phosphorylation. 

Moreover, the deviations of experimental and fitted data at 

 
 

Figure 3. (a) Measured SANS profiles (symbols) and their corresponding best-fits 

(black solid lines) of dDMPC ULVs at 37 oC with various mass fractions (0 %, 0.5 %, 

1 %, and 2 %) of dPi-ABAPEG added into the mixed D2O/H2O solution. (b) Scaled 

SLD profiles extracted from the best-fit results. Both SANS curves and SLD profiles 

are shifted in the y-axis to distinguish different curves. The SLD profiles are shifted 

and set the inner head surface as zero, so that the SLDs of the inner leaflet are 

overlapping in order to compare the membrane thicknesses.  The inset in (b) show 

the SLD profiles without shifting in the y-axis. 

 
Figure 2. (a) The hABAPEG causes immediate vesicle phase separation at 37 oC. 

hPi-ABAPEG does not lead to any vesicle phase separation at 37 oC. (b) DLS 

measurements show that hDMPC ULV vesicles are stable at 37oC before and after 

adding final mass fractions of 1 %, and 3 % hPi-ABAPEG copolymer. For each 

condition, the radii measured at different times are normalized by the mean ULV 

radius measured at time = 0 h from the same condition.   
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low q values indicate that both of ABAPEG and Pi-ABAPEG 

copolymers form aggregates, which give rise to the higher 

scattering intensity at low q range, and end-phosphorylation of 

ABAPEG leads to larger aggregates.27 In addition, NSE 

measurements show that ABAPEG and Pi-ABAPEG have almost 

identical chain dynamics in solution at 37 oC (Figure S3). 

End-phosphorylation of ABAPEG adding one phosphate group 

at each end of the polymer does not significantly alter the 

chain conformation of the polymer in solution. However, it 

greatly changes the interaction between the polymer and 

vesicle membranes. We observed that ABAPEG induces 

immediate phase separation of DMPC vesicles from solution at 

a mass fraction of as low as 1 %, whereas no phase separation 

of DMPC ULVs was observed for any of the DMPC ULV/Pi-

ABAPEG solution (Figure 2a). DLS measurements show that, in 

the presence of up to a mass fraction of 3% Pi-ABAPEG, the 

DMPC ULVs are stable up to 60 h at 37 oC, maintaining their 

hydrodynamic radii except for small changes caused by adding 

Pi-ABAPEG (Figure 2b). The phase separation of DMPC ULVs in 

the presence of ABAPEG is probably induced by an imbalance 

of osmolality between the depletion layer and bulk aqueous 

phase of ABAPEG in solution.39,40 The effect of osmotic stress 

on membrane fusion has been well investigated in a number of 

different systems using PEG polymers.41 

The stability of the vesicles in the presence of Pi-ABAPEG is 

further confirmed by SANS measurements on both hDMPC and 

dDMPC ULVs with a vesicle concentration of 10 mg/ml at 37 
oC. dPi-ABAPEG was used in all the SANS and NSE experiments 

discussed later. The scattering of these deuterated polymers 

was further minimized by contrast matching using the mixed 

solvents of H2O and D2O (Figure S2). Figure 3a presents the 

SANS profiles of pure dDMPC ULVs and dDMPC ULVs with 

mass fractions of 0.5%, 1%, and 2% dPi-ABAPEG in solution. 

Little changes were observed in the SANS profiles at the low q 

range, which mainly contains the size and shape information of 

vesicles. Similar results were also obtained from ULVs made of 

hDMPC. However, at the high q regime (0.08 Å-1 to 0.2 Å-1) of 

the SANS profiles which mostly contain the information from 

the lipid membrane, the SANS profiles show some small 

differences, implying change of membrane structure. This is 

further confirmed by the best-fitted scattering length density 

profiles of the dDMPC vesicles (Figure 3b). In the presence of 

dPi-ABAPEG, the inner leaf of lipid membrane almost remains 

intact, whereas the membrane thickness of outer leaf 

increases about 1 - 2 Å as the polymer concentration increases 

from 0% to 2%, as revealed by the slight changes in the SLD 

profiles. However, this increase of membrane thickness is too 

small to make more qualitative arguments by this technique 

along. 

To further investigate the interaction between Pi-ABAPEG and 

DMPC membranes, we performed XRR measurements on 

DMPC monolayers at the air-water interface at 37 oC. Figure 4a 

shows specular XRR data for DMPC monolayers at 20 mN/m on 

two subphases (pure water and water with a mass fraction of 

0.1 % Pi-ABAPEG). The XRR spectra show a global shift of the 

reflectivity to lower values of the wave-vector transfer in the 

normal direction (z direction), qz, upon addition of a mass 

fraction of 0.1 % Pi-ABAPEG into water, indicating an increase 

in the thickness of the interface monolayer. Figure 4b gives the 

best-fit electron density profiles. The adsorption of Pi-ABAPEG 

increases length of the tail regime in the electron density 

profile. Assuming the volume of a DMPC lipid is a constant, a 

longer tail means a smaller area per lipid in the lateral 

direction, which indicates a more compacted DMPC monolayer 

in lateral direction. A close look at the electron density profile 

also reveals the change of PC head group hydration layer in the 

presence of Pi-ABAPEG. The PC head groups are highly 

hydrated in water41-43, as indicated by a 15 Å regime of 

elevated electron density near the water-PC head group 

interface. After the addition of a mass fraction of 0.1 % Pi-

ABAPEG, this regime further extended to 22 Å, evident of the 

adsorption of Pi-ABAPEG.  

The chemical structure of ABAPEG and Pi-ABAPEG are identical 

except for the two end phosphate groups. The striking 

differences on the effects of two polymers on the stability of 

vesicle membranes suggests that the function of PEGylated 

 
 

Figure 4. X-ray reflectivity reveals the adsorption of Pi-ABAPEG on a DMPC 

monolayer. (a) Normalized X-ray reflectivity, R/RF, of DMPC monolayers at the 

air-water interface and water with a mass fraction of 0.1 % dPi-ABAPEG 

subphases. RF stands for Fresnel reflectivity. (b) Electron density profiles of DMPC 

monolayers on water and water with a mass fraction of 0.1 % dPi-ABAPEG 

subphases. The interface of water and lipid head region is set as zero and the 

electron density profiles are shifted for comparison. The adsorption of dPi-

ABAPEG changes the electron density of the water layer near the PC head 

groups, indicating that the polymer interrupts the hydration layer of PC head 

groups. 
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polymers can be greatly altered by end-chemical 

modifications. The end-phosphate groups do not introduce 

any big change in polymer chain conformation (Figure S1) and 

dynamics (Figure S3) in solution. However, the phosphate 

groups can interact with the PC head groups via dipole-ion 

interaction.8 The head group of DMPC has a dipole. The 

attractive dipole-ion interaction between a PC head group and 

a phosphate can lead to polymer adsorption. 

To explore the interaction of Pi-ABAPEG on DMPC membranes 

further, NSE measurements were performed to examine the 

dynamics of polymer-induced shape fluctuations of DMPC 

ULVs. The normalized intermediate dynamic structure factor 

I(q,t)/I(q,0) of the DMPC ULV in dPi-ABAPEG D2O/H2O (98.5/1.5 

v/v)-mixed solution at different dPi-ABAPEG concentration 

were measured at 37 oC using NSE (Figure 5a). 

The modified Zilman and Granek model describes the 

intermediate dynamics structure factor of a membrane at a q 

region that is sensitive to single membrane dynamics.11,44-46 At 

sufficiently large q (qR » 1 where R is the radius of the ULV), 

the intermediate dynamics structure factor of a thermally 

fluctuating bilayer membrane can be expressed by the 

following equations:  

𝐼(𝑞,𝑡)

𝐼(𝑞,0)
= exp [−(𝛤(𝑞)𝑡)

2

3],                       (1) 

and 𝛤(𝑞) is given by  

𝛤(𝑞) = 0.025𝛼 (
𝑘𝐵𝑇

𝑘̃
)
1 2⁄ 𝑘𝐵𝑇

𝜂𝐷2𝑂
𝑞3,             (2) 

where α is a parameter close to unity for large κ originating 
from averaging the angle between the wave vectors and a 
vector normal to the bilayer structure, 𝜂𝐷2𝑂  is the viscosity of 

D2O, 𝑘𝐵  is the Boltzmann’s constant, and 𝜅 is the effective 
bending modulus including the interlayer friction 𝜅 can be 
expressed by 𝜅 = 𝜅 + 2𝑑2𝑘𝑚 , where d is the height of the 
neutral surface from the bilayer midplane, 𝑘𝑚  is the 

monolayer lateral compressibility modulus, and is  the 
intrinsic bending modulus.43 Since the radius of the DMPC ULV 
used in this study is around 500 Å, the requirement of qR » 1 is 
satisfied for the q range measured in this study. The relatively 
small size and the distribution of the size of the DMPC ULV 
scan affect the membrane bending modulus, as the membrane 
bending rigidity may increase with decreasing size for small 
size vesicles.47 The osmotic pressure of the Pi-ABAPEG 
copolymer in solution can also impact the elasticity of DMPC 
membranes,40 and may cause lateral inhomogeneity of the 
DMPC bilayer associated with the polymer.48,49 An advantage 
of the NSE technique is that it measures ensemble average of 
the membrane dynamics, so it can provide the average values 
of membrane bending rigidity for our system.11,45 

We first studied the temperature dependence of the bending 

modulus, , of pure DMPC ULVs. As expected,  increases with 

decreasing temperature, and a clear transition across the 

phase transition temperature, Tm, of DMPC around 24 oC is 

measured (Figure 5b). The values of  measured at different 

temperatures within the uncertainty of our measurements are 

in agreement with the values reported in the literature.8,46,50-53 

To study the effect of dPi-ABAPEG to the membrane dynamics, 

the bending moduli  of DMPC ULV were then measured with 

mass fractions of 1 %, and 3 % dPi-ABAPEG added in a 

D2O/H2O (98.5/1.5 v/v)-mixed solvent. κ increases from (11.3 ± 

0.3) kT to (17.7 ± 0.5) kT with dPi-ABAPEG concentration 

(Figure 5c). This increase of membrane rigidity can be partially 

caused by the bilayer thickening as suggested by the XRR 

results. The adsorption of dPi-ABAPEG and the osmotic 

pressure of the polymer in solution can also cause a more 

laterally compacted bilayer, and thus can affect the elasticity 

of DMPC membrane.25, 27, 47, 48 The good agreement between 

our XRR and NSE bending rigidity results strongly support our 

hypothesis that the adsorption of dPi-ABAPEG strongly impacts 

the dynamics and elasticity of the membrane. Our results are 

consistent with previous studies, which have shown that the 

protective effects of the dPi-ABAPEG copolymer and some 

other PEGylated polymers root from the polymer adsorption at 

the membrane surface without penetrating into the 

bilayer.4,25,27 The adsorbed polymer effectively retards 

membrane hydration dynamics, and thereby, exerts its 

membrane sealing function.25 

Conclusions 

In summary, end phosphorylation of ABAPEG changes the 

interaction between the PEG polymer and DMPC membranes 

 
 

Figure 5. (a) I(q,t)/I(q,0) of DMPC vesicles at T = 37 oC are fit to Eq. (1). (b) 

Temperature dependence of . (c) dPi-ABAPEG concentration dependence of . 

The bending modulus, , of DMPC vesicle membrane increases with polymer 

concentrations.  
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significantly. The structure, thermal fluctuation and elasticity 

of DMPC ULV membranes interacting with Pi-ABAPEG, have 

been investigated by XRR, SANS and NSE measurements. The 

adsorption of Pi-ABAPEG does not significantly change the 

membrane structure, but increases the membrane bending 

modulus, κ. Our results highlight the importance of end 

functional groups of PEGylated polymers to the functionality of 

the polymer. The information obtained by NSE allows us to 

gain critical insights on membrane dynamics in the presence of 

extracellular macromolecules. 
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