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ABSTRACT: In this work, the impact of lipid lateral mobility on
the steric interaction between membranes containing poly(ethylene
glycol) (PEG) functionalized lipids was investigated using the
surface force apparatus. The force−distance profiles show the
presence of electrostatic and steric repulsion that arise from the
presence of negatively charged PEG functionalized lipids. Fluid-
phase bilayers have high lateral diffusion relative to gel-phase
bilayers; however, a quantitative comparison of the interaction
forces between membranes in these two different phase states
demonstrates a reduced rate of diffusion in the fluid phase for the
PEG-lipids under constrained geometries. Thus, the amount of
polymer in the contact zone can be modulated and is reduced with
fluid membranes; however, complete exclusion was not achieved. As
a result, the steric repulsion afforded by PEG chains or binding affinity of ligated PEG chains can only be modestly tailored by the
phase state of the liposome.

■ INTRODUCTION
Because of its low toxicity, low protein absorption, nonionic
character, and solubility in both aqueous and organic solvents,
poly(ethylene glycol) (PEG) is the most commonly used
polymer coating to biocompatibilize surfaces for biomedical
applications.1−6 One specific application involves the grafting of
PEG to vesicle or liposome surfaces for drug delivery. By
judicious choice of grafting density and PEG molecular weight,
circulation half-lives of liposomes can be extended from hours
to days due to reduced plasma interactions by the steric
repulsive barrier presented by the polymer chains.7−13 As a
result, PEG-coated liposomes have acquired the moniker
“Stealth Liposomes” due to their ability to evade the body’s
immune system. The enhanced circulation time allows Stealth
Liposomes to accumulate inside tissues and tumors, which
leads to a drug-release system referred to as passive targeting.10

However, extending circulation times is only part of the
equation. It is also highly desirable to actively target the
liposome to a specific diseased cell type, e.g., cancer cells.
Toward this goal, there has been significant effort to
functionalize PEG chains with specific ligands to provide
selective targeting.10,14−18 In ex vivo studies such as cell culture,
selective targeting has been demonstrated to work with high
efficiency.19 Unfortunately, translating these benchtop studies
to animals or humans has not demonstrated significant benefit
or increase in efficacy through targeting. While many studies of
liposomal based technologies look promising, PEGylated
liposomal doxorubicin (DOXIL/Caelyx) has been the only
approved liposomal formulation in the USA and Europe for
Kaposi’s sarcoma and recurrent ovarian cancer.20−22

PEG steric stabilization clearly aids in circulation longevity,
but it can also be viewed as a steric hindrance once the

liposome reaches the active site.5 It has been reported that
reducing steric repulsion increases the net adhesive force of
ligands to access receptor sites.16 Though different formulations
have been created to increase the binding effectiveness in
targeting, it is important to understand the surface behavior of a
PEGylated membrane when it comes into contact with another
surface. Here, we investigate the impact of membrane fluidity
and lateral mobility of PEG functionalized lipids on the steric
interaction between two opposing membranes. In this system,
the grafting density of the PEG chains in the contact region can
dynamically respond to confinement and diffuse along the lipid
membrane surface. Consequently, fluidity can reduce steric
hindrance once the liposomal surface reaches the target site.
The measured reduction in the steric interaction is used to
estimate the diffusion of the PEG functionalized lipids in the
contact region between the opposing membranes.

■ MATERIALS AND METHODS
Chemicals. 1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine

(DPPE), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), and
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy-
(polyethylene glycol)-2000] (ammonium salt) (DMPE-PEG2000)
were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL) and
used as received.

Sample Preparation. Supported lipid bilayers were prepared by
Langmuir−Blodgett (LB) deposition using a temperature-controlled
Wilhelmy Trough (Nima Coventry, UK) as described elsewhere.23,24

Lipids were dissolved in 9:1 chloroform/methanol at a concentration
of approximately 1 mg/mL. The bilayer surfaces were assembled onto
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molecularly smooth, back-silvered mica substrates glued onto silica
disks (Figure 1). A close-packed, solid-phase inner monolayer of
DPPE (∼43 Å2 per molecule, Π = 40 mN/m) was first deposited by
raising the substrates vertically through a compressed DPPE
monolayer at the air−water interface yielding transfer ratios of 1.0 ±
0.05. Afterward, an outer layer of 92.5 mol % DMPC + 7.5 mol %
DMPE-PEG2000 was deposited onto the DPPE film at 35 mN/m.
The transfer ratios of the mixed outer monolayers were 0.99 ± 0.03.
DMPC was chosen as the matrix lipid because its phase transition
temperature is 23.5 °C;25 thus, the temperature of the system can be
easily manipulated to modify the diffusivity of the outer lipid layer;
below 23.5 °C in the solid phase D ∼0.02 μm2/s26 and above in the
fluid phase D ∼4 μm2/s.27

Surface Force Measurements. The surface force apparatus
(SFA) was used to measure the interaction forces between the
PEGylated bilayers. The SFA technique has been used extensively to
measure interaction forces between surfaces.28,29 The studies using this
method provide a better understanding for intersurface behavior
between relatively large areas, compared to atomic force microscopy
(AFM) performed in previous studies.30 After depositing the
membranes on mica, the surfaces were transferred and mounted
into the SFA under water, a procedure detailed elsewhere.31 The water
in the SFA box was saturated with a speckle of DMPC to prevent lipid

desorption from the solid substrate. After the surfaces were mounted,
the SFA box was placed in a temperature-controlled room at 20 °C,
which is below DMPC’s transition temperature. To measure the
interacting forces when in the fluid phase, the temperature was later
increased to 28 °C. A custom automated SFA was used for convenient
data collection.17 The system enabled constant surface displacement
via a computer-controlled motor system. A sensitive CCD camera was
interfaced with the spectrometer and computer acquisition system to
allow automated wavelength determination of the fringes of equal
chromatic order.

Bilayer−bilayer contact, D = 0, was defined as the contact between
nominally dehydrated bilayers without any polymer layer.23 Both PC
and PE lipids are zwitterionic. However, PEG-functionalized lipids are
negatively charged as the PEG chain is covalently attached to the
terminal amine headgroup of the DMPE lipid. Any electrostatic
interaction between the membrane surfaces is therefore attributed to
the presence of DMPE-PEG2000 (Figure 1). As the negative charge is
at the phosphate group, the outer Helmholtz plane in the electrostatics
analysis used the same reference of D = 0 as in the force profile
measurements.

■ RESULTS AND DISCUSSION
Isotherms for the various lipid monolayers, 100% DMPC, 100%
DMPE-PEG2000, and 7.5 mol % DMPE-PEG2000 + 92.5 mol
% DMPC, are shown in Figure 2. Lateral interactions between

lipids and PEGylated lipids in monolayers at the air−water
interface have been previously measured. It has been reported
that, above a critical pressure of ∼10 mN/m, it is energetically
more favorable for the polymer to extend into the water
solution, and that lipopolymer mixes with the lipid at the air−
water interface.24,32 In this work with DMPC doped DMPE-
PEG2000 monolayers, we observe the same phenomenon of
PEG absorbed to the air−water interface and then squeezed
into the water subphase with increasing lateral compression. To
establish whether DMPC and DMPE-PEG2000 phase separate
or mix, the isotherm of the monolayer doped with 7.5 mol %
DMPE-PEG2000 was compared to that expected for ideal-
mixed behavior, expressed by eq 1

= + −A xA x A(1 )x P L (1)

Here, Ax is the average area of a molecule in mixture at the air−
water interface, AL is the area of a DMPC lipid in a pure

Figure 1. (A) Illustration of the lipopolymer bilayer geometry in the
SFA. RF denotes the Flory radius of the polymer chain, which is 35 Å
for PEG-2000.23,24 The average distance between PEG grafting sites is
symbolized by s, where σ = s−2 and σ is the lipopolymer-grafting
density in the outer layer. M is the distance based on the contact
between the inner DPPE monolayers, T/2 is the outer DMPC layer
thickness, and L is the polymer layer thickness. D = 0 is defined as the
contact between two “nominally” dehydrated bilayers, D = M − T. (B)
Illustration of maximum distance, r, a lipopolymer needs to travel in
order to exit the contact zone between two surfaces. R is the radius of
curvature of the cylindrical support surface (R ≫ 2L). (C) Chemical
structures of the molecules used for the outer leaflet shown in part A.

Figure 2. Surface pressure vs area curve isotherms of: 100 mol %
DMPC, 100 mol % DMPE-PEG2000, and 7.5 mol % DMPE-
PEG2000 + 92.5 mol % DMPC. Symbols (x) are the theoretical
prediction if the mixture behaves ideally.
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monolayer, AP is the area of a PEG2000 chain in a pure DMPE-
PEG monolayer, and X is the mole fraction of DMPC in the
mixed monolayer. The x-points curve in Figure 2 displays Ax as
a function of surface pressure, where AL and AP were obtained
from the pure DMPC and DMPE-PEG2000 isotherms,
respectively. The Ax curve overlaps the isotherm obtained
experimentally demonstrating that the system mixes ideally. As
a result, the grafting density of the lipopolymer is readily
obtainable from the mol % of lipopolymer and the area per lipid
molecule. At 35 mN/m, the average area per molecule is 57 Å2,
a value consistent with previous measurements.33 Thus, for the
92.5 mol % DMPC/7.5 mol % DMPE-PEG monolayer, the
area per grafted PEG chain, σ, is ∼760 Å2, yielding a distance, s,
of ∼28 Å between grafting points. Relative to the unperturbed
polymer chain radius of gyration, RF = αN0.6 = 35 Å, this
grafting density is in the overlapping mushroom regime, σ* =
RF
2/σ ≈ 1.7.23,24,34 A 7.5 mol % concentration was selected to

match the grafting density of previously studied 4.5−5 mol %
DSPE-EO45 mixed in gel-phase DSPE membranes.23,24 DSPE
has a molecular area of 43 Å2 yielding a lipo-polymer area of
860 Å2 or s ∼29 Å for these gel-phase studies.
Figure 3 shows an example force−distance profile between

two DMPC bilayers doped with 7.5 mol % DMPE-PEG2000 at

20 °C. At this temperature, the membrane is in the gel phase
and the force profile closely matches the results obtained with
gel-phase membranes containing 4.5−5 mol % DSPE-
PEG2000.23,24 As expected, the force−distance curve displays
long-range electrostatic and shorter-range steric repulsion
associated with the presence of the lipopolymers in the
membranes. Theoretically and experimentally, both the electro-
static and steric forces decay roughly exponentially. In the case
of electrostatic forces, the decay is determined by the ionic
strength (Debye length, κ−1 ∼200 Å). In the weakly
overlapping mushroom regime, the steric interaction has a
characteristic decay length approximately the thickness of the
polymer layer, RF = 35 Å, but for two layers it would be 2RF ≈
70 Å. Unless the two decay lengths are similar, a double-

exponential curve is measured from which the electrostatic and
steric contribution can be separated. The electrostatic
contribution was determined by solving the nonlinear
Poisson−Boltzmann equation explicitly using a numerical
algorithm.35 The solid line in Figure 3 is the electrostatic
contribution of the force profile based on the parameters in
Table 1, assuming the outer Helmholtz plane to reside at the

lipid headgroup interface, identical to the reference frame for
contact, D = 0. The electrostatic portion was then subtracted
from the force profile, and the remaining repulsive force was
attributed to the steric repulsion due to the grafted polymer
chains.
For comparison, Figure 4 shows a series of steric force−

distance profiles (after subtracting the electrostatic repulsion)

obtained above and below the phase transition temperature of
the membrane. Double-layer parameters for each of the
experimental conditions are summarized in Table 1. While
diffusion is negligible when the membrane is in the solid phase
(T < 23.5 °C), this is not true when the membrane is in the
fluid phase. Indeed, as the surfaces approach each other, the
increase in osmotic pressure provides a directed driving force
for the lipopolymer to diffuse out of the contact zone. As a

Figure 3. Force−distance profile of DMPC bilayers with a surface
coverage of 7.5% DMPE-PEG2000 at 20 °C. The electrostatic curve
was fit using the concentration of [NaNO3] = 0.25 mM and surface
charge density of 1.1 mC/m2.

Table 1. Double Layer Parameters Used to Subtract the
Long-Range Electrostatic Contribution from All Force
Measurements and Summary of Chain Extension as a
Function of Rate of Approach

temperature
(°C)

rate
(nm/min)

electrolyte
[NaNO3 ]
(mM)

Debye
length κ−1

(Å)

surface charge
density, σe (mC/

m2)

20 3 0.25 ± 0.02 195 1.10
28 4 0.25 ± 0.02 200 1.25
28 0.1 0.25 ± 0.02 200 1.30

Figure 4. Steric force−distance profiles between bilayers containing
7.5 mol % DMPE-PEG2000 as a function of approach rate. The steric
forces were obtained by subtracting the electrostatic double-layer
contribution. Approach rate: 3 nm/min at 20 °C (○), 4 nm/min at 28
°C (□), 0.1 nm/min at a 28 °C (◇). The solid curves are fits to the
MWC model (eq 2). The solid heavy line indicates MWC fit in the
gel-phase case. The thin solid curve represents the MWC model for 1/
2 the initial grafting density. The dashed lines are predictions for the
SWP model for surfaces bearing mobile polymer chains.
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result, the measured electrostatic and steric repulsion when the
membrane is in the fluid state will be dependent on the rate of
approach and the amount of lipopolymer, if any, that remains
between the membranes.
As shown in Figure 4, membrane fluidity clearly results in a

decrease in measured repulsion between the membranes,
indicating that the amount of lipopolymers present in the
contact zone decreased. Both the onset of the repulsion and the
magnitude decrease when the membranes are in the fluid phase.
A simple back of the envelope calculation can be used to
estimate the time for a lipopolymer to diffuse out of the contact
zone from ⟨d2⟩ = 4D timeexp. As illustrated in Figure 1B, the
curvature of the contact zone (here ∼1 cm) and the polymer
layer thickness yield an effective distance of ∼15 μm. Using the
measured diffusion of PEG-lipids in single supported
membranes, D ∼4 μm2/s, from Albertorio et al.,27 the expected
time for the lipopolymer to diffuse out of the contact region is
only timeexp ≅ 1 min. Thus, an approach rate of 4 nm/min is
sufficient for the lipopolymer to escape from the contact region.
Even at a very slow approach rate of 0.1 nm/min, which affords
an order of magnitude increase in timeexp, lipopolymer clearly
remains trapped between the approach surfacesindicative of
hindered diffusion. Kaufmann and co-workers30 have deter-
mined that the mobility of PEG-lipids is reduced for
concentrations above 6 mol % due likely to steric interactions
of the polymer chains.
One approach to quantify the amount of polymer remaining

between the membrane surfaces is to use polymer theory to
model the resulting steric repulsion and extract the amount of
PEGylated lipid from the theoretical fit to the data. Previous
work has shown that the Alexander de Gennes (AdG)
theory36−38 and the self-consistent mean field theory of Milner,
Witten, and Cates (MWC) both give a reasonable estimate for
the compressive forces of grafted polymer brushes, even for
systems that are not in the strongly stretched brush regime.24,39

In this case, we choose to use the MWC model as an explicit fit
to the data without obtaining fitting parameters. Assuming that
the brushes have a parabolic profile and do not interdigitate, the
force (F) normalized by the curvature of the cylindrical surfaces
(R) as a function of separation distance (D), as measured in the
SFA, (F/R), can be obtained from MWC theory for the
interaction energy between flat interfaces, E, using
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where a (=3.5 Å) is the size of a monomer, σ is the area per
grafted chain, w is the excluded volume parameter (note: the
excluded volume parameter can be found from the osmotic
pressure, Π, and volume fraction of PEG monomer in the brush
via Π = (1/2)wϕkT; at an osmolality c = 55 mol/kg, the
osmotic pressure is ∼0.21 MPa, yielding w = (3.48 Å)3 ≅ a3), ν
can be found from RF

2 = 3N/ν or the statistical segment length,
and the equilibrium extension of the polymer layer, ho, is given
by
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For gel-phase membranes, σ was fixed to the known value of 1
chain/760 Å2, w = (3.5 Å)3, and ho = 38 Å. As shown in Figure
4, MWC provides an excellent fit to the data for D < 60 Å. For
small compressions (D > 60 Å), the polydispersity (PDI ∼1.07)
of the chains would have to be accounted for to accurately fit
the data.40,41 However, the MWC model is unable to properly
account for the fluid-phase membrane force profile data, as the
amount of lipopolymer between the membranes changes as a
function of separation distance. For comparison, the MWC
prediction for a system with a grafting density of 1/2 of the
initial concentration (1 chain/1520 Å2 vs 1 chain/760 Å2) is
shown in Figure 4 (thin solid curve).
A more accurate way to determine the amount of polymer

present in the contact zone with fluid membranes is to integrate
the area under the curve to obtain total pressure for the contact
area. Assuming that the total pressure arises strictly from
osmotic repulsion, the Morse equation42 can be used to relate
pressure (Π) and concentration in a straightforward manner

Π = iMRT (4)

where i is the dimensionless van’t Hoff factor,M is the molarity,
R the gas constant, and T is the temperature. As the polymer
concentration in the contact zone is known for the gel-phase
case, the ratio of final lipopolymer concentration, Mf, over
initial concentration, M0, can be interpreted as the %
lipopolymer remaining at the contact zone, and can easily be
obtained from the ratio of the integrated fluid to gel force
profiles shown in Figure 4. Table 2 shows that the amount of

polymer present in the contact zone decreases as the rate of
approach decreases. Indeed at the slowest approach, 87% of the
lipopolymer has escaped from the contacting region of the
surfaces. A quantitative determination of the diffusion
coefficient in this restricted geometry (Figure 1) would require
development of the appropriate governing equation based on
an osmotic pressure driving force. However, the effective
diffusivity can simply be approximated from the contact
geometry and measurement time at the slowest approach
yielding D < 0.03 μm2/s.
With regard to quantifying the experimentally measured

steric force, Subramanian, Williams, and Pincus (SWP) provide
an estimate of the total free energy when a surface bearing
grafted but mobile polymer chains in the mushroom regime is
compressed by a bare disk of area A1.

43,44 In their scaling
model, the total free energy consists of two components: the
energy to compress the mushrooms and translational entropic
terms that account for the change in the initially, uniform
grafting density, σ = σ0, as chains leave the region under the

Table 2. Estimation of % Polymer Remaining at the Contact
Zonea

rate
(nm/min)

% polymer remaining at the contact
zone

elapsed time
(min)

3 100 N/A
4 45 ± 5 1.5 ± 0.5
0.1 13 ± 3 30 ± 3

aElapsed time starts when steric repulsion arising from the polymer
layer is detected upon approach and ends when surface separation is
initiated.
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disk, σ → σ1, and move into the surrounding membrane, σ →
σ2. Assuming that the system is always at equilibrium and in the
limit of low grafting density, σ0RF

2 ≪ 1, the free energy is
minimized with respect to the density of chains under the disk,
σ1, and one finds

σ= −⎡⎣ ⎤⎦E c kTA e L D
0 1

( / )5/3

(5)

where L is the equilibrium, uncompressed extension of the
chains, and c is a numerical prefactor. Accounting for the
geometry of the SFA and both surfaces having grafted chains
yields:

π
σ= = − ≤−⎡⎣ ⎤⎦F
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The SWP model with c = 0.1 and 1 is shown in Figure 4.
Although the SWP model assumes an isolated mushroom steric
contribution to the total energy, which is not appropriate for
the conditions used in this work, some general comparisons can
be made. First, in the model the repulsion raises rapidly as
some compression of the layer is required to drive the chains
from the confined region and overcome the pressure forcing
mushrooms back under the disk. However, this “ideal gas”
pressure is apparently below the experimental resolution, as no
detectable steric force is observed at the slowest compression
rate until D < 60 Å is significantly less than the measured
extension of the brush, 2L ≈ 70 Å. With further compression,
the steric force rapidly rises due to confinement but plateaus as
the osmotic pressure provides a sufficient driving force to push
chains from the confinement region into the bulk (nonconfined
region). In the experiments, lipopolymers are clearly driven out
of the contact zone for modest compressions. However, a
critical compression and resulting plateau in the force is not
seen in the experimentsrather, the force rises rapidly for
separation distances below ∼55 Å. These observations suggest
that the diffusion of chains out of the contact zone becomes
limited as the surface separation approaches the grafted chain
radius of gyration. Given the expected, rapid diffusivity of the
lipopolymers (∼4 μm2/min), the trapping of chains in the
compression region during the slowest compression implies
that equilibrium during the compression was not maintained in
the experimental system. Unfortunately, slower compression
rates become prohibitive due to potential experimental drift.
Although more complicated expressions for the steric force,
e.g., MWC, could be used in the SWP model and may more
accurately represent the experimental system, the stringent
requirement of equilibrium is difficult to achieve.
In closing, direct measurement of the steric repulsion

between membranes with embedded lipopolymers demon-
strates that the amount of lipopolymer in the contact region is
modulated when the membranes are in the fluid phase. The
steric repulsion between the membranes decreases as a function
of the approach rate due to osmotic pressure driven diffusion.
Although a sufficiently slow approach should allow all
lipopolymers to be depleted from the contact zone, we find
that the diffusivity is significantly retarded, and it is unlikely that
equilibrium is maintained during the compression. Still, these
findings imply potential avenues to improve targeted drug
delivery vehicles. First, the steric barrier afforded by the
embedded lipopolymers is critical to maintain circulation times
by preventing nonspecific protein absorption. The steric barrier
afforded by the embedded lipopolymers is still substantial even

in fluid membrane systems. Second, at contact with another
surface, these lipopolymers can be driven out of the contact
zone if the membrane is fluid, thereby reducing the repulsion
between the surfaces. Thus, an ideal scenario for drug delivery
applications would involve a small percentage of ligated long-
chain lipopolymers in a forest of unligated “steric” bumpers to
provide adhesion to the target surface while maintaining a
strong steric barrier. The total amount of lipopolymers and the
approach rate determines the magnitude of steric repulsion,
while the inclusion of ligated lipopolymers can ensure that the
contact/adhesion between the surfaces is maintained. Sub-
sequently, the adhesion between the surfaces could be further
augmented by an under-layer of short, ligated chains buried in
the longer-chained steric forest. Such a tiered system could
provide robust steric repulsion that is converted to robust
adhesion as the steric barrier presenting lipopolymers are
excluded from the contact zone. Experimental measurements
probing such tiered structures are currently underway.
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