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SState Key Laboratory of Fine Chemicals, School of Chemical Engineering, Dalian University of
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Abstract

Complex materials often achieve their remarkable functional properties by hierarchical assembly
of building blocks via competing and/or synergistic interactions. Here, we describe the properties
of new double-end-anchored poly (ethylene glycol)s (DEA-PEGS), macromolecules designed to
impart hydrophobically mediated tethering attractions between charged lipid membranes. We
synthesized DEA-PEGs (MW 2000 (2K) and 4.6K) with two double-tail (symmetric) or a double-
tail and a single-tail (asymmetric) hydrophobic end anchors and characterized their equilibrium
and kinetic properties using small-angle X-ray scattering. Control multilayer membranes without
and with PEG-lipid (i.e. single-end-anchored PEG) swelled continuously with the interlayer
spacing increasing between 30wt% and 90wt% water content, due to electrostatic as well as, in the
case of PEG-lipid, steric repulsion. In contrast, interlayer spacings in lamellar membrane
hydrogels containing DEA-PEGs expanded over a limited water dilution range and reached a
“locked” state, which displayed a near constant membrane wall-to-wall spacing (&) with further
increases in water content. Remarkably, the locked state displays a simple relation to the PEG
radius of gyration §,, * 1.6 Rg for both 2K and 4.6K PEG. Nevertheless, &, being considerably
less than the physical size of PEG (2(5/3)Y2Rg) is highly unexpected and implies that, compared
to free PEG, anchoring of the PEG tether at both ends leads to a considerable distortion of the
PEG conformation confined between layers. Significantly, the lamellar hydrogel may be designed
to reversibly transition from a locked to an unlocked (membrane unbinding) state by variations in
the DEA-PEG concentration controlling the strength of the interlayer attractions due to bridging

"Corresponding authors contact information: safinya@mrl.ucsb.edu, giaoweihong@dlut.edu.cn.
These authors contributed equally
Supporting Information.
Detailed synthesis procedures, equations used to calculate sample compositions, additional SAXS profiles and plots of d'vs ®ater (as
detailed in the text).
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conformations. The findings with DEA-PEGs have broad implications for hydrophobic-mediated
assembly of lipid- or surfactant- coated building blocks with distinct shape and size, at predictable
spacing, in agqueous environments.
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Introduction

Complex natural materials, including surfaces, often achieve their remarkable properties by
a hierarchical assembly of building blocks via orthogonal competing interactions.1-7 Inspired
by this, we sought to harness hydrophobic interactions for mediating the assembly of
building blocks beyond the simple self-association of amphiphilic molecules or moieties. To
this end, we designed double-end-anchored poly(ethylene glycol)s (DEA-PEGS), i.e.,
hydrophilic PEG polymer modified with hydrophobic groups on both ends, that can be
broadly used to control interactions between amphiphilic assemblies (e.g. lipid membranes)
(Figure 1A).

PEG is a highly biocompatible polymer that, when anchored to a surface, is capable of
shielding the surface by steric repulsion.8:° This has been exploited for imparting or
increasing the stability of colloids, in particular in the presence of salt. (The presence of salt
renders stabilization based on charge ineffective.) PEG is further used to increase the
circulation time of liposomes /7 vivoin drug delivery applications by the addition of PEG-
lipids (i.e. single-end-anchored PEG, SEA-PEG) to create so-called STEALTH liposomes
(spherical lipid bilayer membranes with protruding polymers in the brush conformation
designed to repel immune cell surfaces).10-16 |n this application, the typical molecular
weight of PEG used is 2000 or 5000 g/mol. In addition to thus imparting repulsive
interactions, PEG-lipids have been used to mediate specific attractive interactions by
attaching a targeting ligand at the distal (to the lipid) end of the PEG chain.17-24

DEA-PEGs bear two hydrophilic groups at opposing ends of the PEG chain, which means
that they may assume either a looping or a bridging conformation (Figure 1B). These
conformations can interconvert via a transitionary state with one of the hydrophobic groups
inside the water phase (Figure 1B, right). While DEA-PEGs in the looping conformation
behave similarly to simple PEG-lipids, the bridging conformation gives rise to an attractive
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interaction?5-27 and therefore has the potential to greatly affect the behavior of the lamellar
phase. Intriguingly, the bridging conformations of double-end-anchored polymer surfactants
have also been shown to destabilize hydrogels of lipid membranes, in the case of hydrogels
stabilized by defects.27-32

Hydrogels are three-dimensional, hydrophilic, often polymeric networks capable of
absorbing large amounts of water or biological fluids. Due to their high water content,
hydrogels compose an important class of soft materials from both a technological and a
scientific point of view.33 Their diverse applications range from contact lenses and wound
dressings to drug delivery systems, tissue engineering substrates, and hygiene products.34-46
Typical parameters that control the properties of hydrogels are the chemical nature of the
network, the density of crosslinks, and the affinity to water.

We explored several means of tuning the interactions between lipid bilayer membranes
mediated by the DEA-PEGs. Variation of the length of the PEG chain allows control of the
range of the interactions. Changing one end from a double-tail- to a single-tail-anchor
should increase the probability for the transitionary state between the bridging and looping
conformations (Figure 1B, right); thus, suppressing the barrier for interconversion of the two
conformations. The rationale for this expectation is that single-tail surfactants have a critical
micelle concentration that is several orders of magnitude higher than that of double-tail
lipids. Nature exploits this ability of single-tail lipids to readily leave the membrane by using
lysolipids as signaling molecules.*” We thus synthesized a series of DEA-PEGs by
functionalizing PEG with either two dioleyl lipid groups (i.e. symmetric DEA-PEGs, labeled
L-PEG-L, bottom cartoon in Fig. 1A) or one dioleyl and one oleoyl group (asymmetric
DEA-PEGs, labeled L-PEG-L’, middle cartoon in Fig. 1A). We also synthesized
corresponding single-end-anchored PEGs (dioleyl tail, L-PEG, top cartoon in Fig. 1A) as a
control compound.

Using small-angle X-ray scattering (SAXS) we studied the effect of adding the DEA-PEGsS,
for both 2K PEG and 4.6K PEG, on the forces between charged membranes in a lamellar
phase, by varying the water content between 30 wt% and 90 wt%. The membranes consisted
of an approximately equimolar mixture of 1,2-dioleoyl-sr-glycerol-3-phosphatidyl-choline
(DOPC) and A-[1-(2,3-dioleoyloxy)propyl]- N, N, N-trimethylammonium methyl-sulfate
(DOTAP). The DEA-PEGs and PEG-lipid controls were incorporated into the bilayer at a
low concentration, to minimize the lateral interactions of neighboring PEG chains and
prevent lateral phase separation in the plane of the membrane. We found that the bridging
conformations of DEA-PEGs control the extent of swelling of the lamellar phase in a
manner depending on the PEG MW (or equivalently the PEG length), while the strength of
the attractive interaction conferred by the bridging conformation was dependent on the
DEA-PEG concentration. Furthermore, the structure of the anchoring group was found to
have a strong influence on the kinetics: the asymmetric DEA-PEGs reached equilibrium
faster, likely because their one single-tail anchor enables faster interchange between the
bridging and looping conformations.

At 5 mol% DEA-PEGs the membrane wall-to-wall spacing (6,,) of the lamellar hydrogel
was maintained in a locked state with very small variations in the water layer spacing
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between 60 wt% to 80 wt% for PEG2K and 70 wt% and 90 wt% for PEG4.6K. The locked
state is a direct indication of interlayer attractions from bridging dominating looping
conformations of DEA-PEGs. Notably, the constant water spacing, which is set by the radius
of gyration (Rg) of the PEG tether followed a very simple relation, &, ~ 1.6 Rg, for both
PEG MWs. However, the finding that 6, in the locked state is significantly less than the
physical size of the PEG tether (=2Rppysical = 2(5/3)Y2Rs) is unexpected and implies that
end-anchored PEG between the layers is considerably more compressed compared to free
PEG. While the locked state is stable for the PEG4.6K tether as the strength of the bridging
interaction is decreased by lowering the concentration of DEA-PEGs from 5 mol% to 2.5
mol%, a notably different behavior is found for the smaller PEG2K tether where lowering
the concentration of DEA-PEGs to 2.5 mol% results in the locked state between 60 wt% and
~ 75 wt% water followed by a reversible unbinding of the membranes between 75 wt% and
80 wt% water.

The results of the work described here with DEA-PEGs are expected to have far reaching
implications in science and nanotechnology and open a new direction for hydrophobic-
mediated assembly of objects with distinct shape and size, at predictable spacing, in aqueous
environments. The objects may include spherical, rod-like, and discoidal vesicles and
micelles, and a range of hybrid lipid- or surfactant-coated organic and inorganic
nanomaterials. This is a promising but under-explored strategy in contrast to current
prevalent approaches to directed assembly of water-soluble building blocks where
nonspecific electrostatic interactions (e.g., between intrinsically disordered protein
polyampholytes*8-51) or specific interactions (e.g., H-bonding of complementary nucleic
acid base pairs®2-°6) are used to mediate hierarchical assembly. Novel hierarchical materials
may also be envisioned arising from a combination of hydrophobic-mediated DEA-PEGs
and specific and/or nonspecific electrostatic interactions between building blocks. With
respect to what is described in this paper, the lamellar gels may be functionalized by
inclusion of membrane-associated molecules (proteins, drugs); thus, creating “bioactive
gels” with potential applications in molecular delivery including in therapeutics.

Experimental Section

Materials and sample preparation

The lipid DOPC (1,2-dioleoyl-sr-glycero-3-phosphocholine, 786.15 g/mol) was purchased
from Avanti Polar Lipids. DOTAP (N-[1-(2,3-dioleoyloxy)propyl]-N,N,\-
trimethylammonium methyl sulfate, 774.2 g/mol) was synthesized as described®’ with some
modifications (see Supporting Information). Other chemicals were purchased from Aldrich
and used as received. High-resistivity (18 MQcm) water was obtained from a Milli-Q Plus
unit (Millipore).

The default method for sample preparation was mixing the appropriate amounts of lipid
powders and water in 1.5 mL high-recovery vials (Chemglass) and incubating for the
indicated time period to allow equilibration. For “water dilution” samples, a batch of sample
at the indicated ®,y,ter (€.9., 50 Wt% water for the DEA-PEG2K lipids and at 60 wt% water
for the DEA-PEG4.6K lipids at 2.5 mol% DEA-PEG) was prepared and incubated at room
temperature for 2—3 weeks for equilibration. Subsequently, appropriate amounts of this
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sample and water were mixed and incubated for 2 weeks. As a second, alternative method of
sample preparation, appropriate weights of equilibrated samples (50 and 80 wt% water for
DEA-PEG2K lipids; 60 and 90 wt% water for DEA-PEGA4.6K lipids) were mixed and
incubated to yield samples of intermediate water content. Samples were transferred to 1.5
mm quartz capillary tubes (Hilgenberg) and sealed with epoxy resin for X-ray scattering
measurements.

Detailed protocols for the synthesis of the PEG-lipids and DEA-PEGs used in this work are
provided in the Supporting Information.

X-ray Diffraction

Small-angle X-ray scattering (SAXS) measurements were conducted using a custom-
constructed instrument in the X-ray diffraction facility of the Materials Research Laboratory
at the University of California at Santa Barbara. The instrument utilizes a 50 um microfocus
Cu-target X-ray source with a Genix parallel beam multilayer optics and monochromator
system (Genix by XENOCS), a high-efficiency collimator with scatterless hybrid slits
developed in-house,8 and a EigerR 1M solid state detector (Dectris). Data reduction and
analysis were carried out using the NIKA and IRENA software packages developed at
Argonne National Laboratory.59:60

Results and Discussion

Synthesis

Scheme 1 shows the synthesis of the single- and double- end-anchored PEG-lipids (SEA-
PEGs and DEA-PEGS) used in this work. We varied the length of the PEG tether in order to
vary the range of membrane-membrane interactions, which is repulsive for SEA-PEGs and
the looping conformation of DEA-PEGS, and attractive for the bridging conformation of
DEA-PEGs. The hydrophobicity of the lipid end-groups was modified to look for effects of
anchoring strength on the phase behavior of lamellar hydrogels, including, kinetic effects.
Conversion of hydroxyl-terminated PEGs and mPEGs to the corresponding amines was
readily accomplished on a multigram scale in two steps: mesylation followed by solvolysis
in an excess of concentrated ammonium hydroxide solution.®1 Acylation of MPEG-NH,
(1a,b) with the lipid building block DOB (3,4-dioleyloxybenzoic acid)*849 yielded the
control single-end-anchored PEG-lipids (3a,b; L-PEG) on a gram scale.
Monofunctionalization of amine-terminated PEG (2a,b) with DOB to yield 5a,b requires a
less reactive acylation reagent and low temperature*®-°0 and yields the symmetric double-
end-anchored PEG (4a,b; L-PEG-L) as a side product. The monofunctionalized PEG (5a,b)
was separated by chromatography and acylated with oleic acid to yield the asymmetric
double-end-anchored PEGs (6a,b; L-PEG-L"). Detailed synthesis procedures are provided in
the Supplementary Material.

Table 1 lists the synthesized PEG-lipids with their abbreviated names, PEG molecular
weight, and PEG degree of polymerization. For simplicity, we refer to the lipids with PEG
molecular weights 5000 and 4600 g/mol collectively as “PEG5000-lipids”. (The difference
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in PEG molecular weight between the control single-end-anchored PEG-lipid and the DEA-
PEGs is due to the fact that 4600 and 5000 are the readily commercially available sizes of
PEG and mPEG, respectively.)

Effect of added DEA-PEG2000 on membrane spacing

To investigate the effect of added DEA-PEGs on stacks of repulsive lipid membranes, we
incorporated these DEA-PEGs into membranes containing a near-equimolar mixture of
neutral DOPC and univalent cationic DOTAP. We then used small-angle X-ray scattering
(SAXS) to measure the interlamellar spacing at varying water content (®,,), between 30 wt
% to 90 wt%. Membranes containing single-end-anchored PEG-lipid or no PEG-lipid served
as the controls.

Figure 2 shows the X-ray scattering profiles obtained for lamellar samples containing 5 mol
% of PEG2K-lipids in the membranes (panel (a) displays the control data with SEA-PEGsS;
panels (b-d) displays lamellar hydrogel samples with asymmetric (b) and symmetric (c,d)
DEA-PEGs; panel (e) compares lamellar hydrogel samples with symmetric DEA-PEGs 1
and 2 months after preparation). At higher water content (50-60 wt% and above), the
observed peaks index to a single lamellar phase as indicated in the plots

(9001: Goo2: Gooz=1:2:3). The lamellar spacing a=2mt/qgp; is the sum of the thicknesses of the
membrane (lipid bilayer) and the water layer separating the membranes; that is, d=8,,+8,
(6,y=39 A for this DOTAP/DOPC composition®°.) At lower water contents, two lamellar
phases are observed with the peaks of the second phase (ggo1’: Goo2'=1:2) at higher g, i.e., a
smaller d.

The peaks originating from the two phases observed at low water content behave very
differently with increasing water content. Those at g, etc. shift continuously to lower g
(larger @) with increasing water content, while their intensity remains essentially constant (at
water contents up to 50 wt%). In contrast, the position of the peaks at ggpg1- etc. remains
essentially constant as the water content increases, but their intensity decreases. A likely
explanation for these observations is based on the headgroup size of the PEG-lipids: if the
system formed a single phase at low water contents, the water layer between the membranes
would be too thin to accommodate the PEG polymer coils without incurring a high cost in
elastic energy for deforming them (8, < 6,,*). Thus, a phase with a larger spacing (&, ~
&*; accommaodating the PEG chains of the DEA-PEGs or SEA-PEGS) forms, in
coexistence with a lamellar phase with a very small spacing and very little DEA-PEG
incorporated in its membranes. This is schematically illustrated in Figure 3a. As the water
content increases, the phase containing the DEA-PEG is capable of incorporating more and
more of the total lipid until the other phase disappears (consistent with the lever rule and the
reduction of the peak height of the second phase). Consistent with this proposed mechanism,
the control sample without PEG-lipid exhibits an intermediate o (between those of the two
phases of PEG-lipid-containing samples) (see Figure 4).

It is worth pointing out that, because of their charge, the interactions between the
membranes are repulsive even in the absence of any PEG-lipid. (Lamellar phases of
DOTAP/DOPC at a similar composition without PEG-lipids swell continuously with
increasing water content up to (at least) 80 wt% water; see Figure 4.) Thus, both phases will
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be inclined to expand with increasing water content. The fact that only the PEG-lipid-
containing phase (lower g/larger ad) swells suggests that the limited amount of water that is
available swells not both but only the PEG-containing phase, which must have a stronger
driving force toward expansion (elastic compression of PEG coils in addition to electrostatic
repulsion) than the other phase (electrostatic repulsion only).

To allow assessing the changes in d'in more detail, Figure 4 plots the interlamellar spacing ¢
(calculated from the SAXS data) against water content for the 5 mol% DEA-PEG2K-
containing samples and controls (single-end-anchored PEG2K-lipids, L-P2K, and no PEG-
lipid). Comparing the behavior of the two control samples, i.e., membranes without any
PEG-lipid and membranes containing single-end-anchored PEG-lipid (L-P2K), shows that
while both show a continuous increase of @with water content, d'is larger (in the single-
lamellar-phase regime at high water content) for the samples containing PEG-lipid. In the
control sample without PEG-lipid, d'increases because of electrostatic repulsion, from
0=71.9 A (®,,=50%) to ¢=158 A (®,,=80%). The larger interlamellar distance for the
control with SEA-PEGs (e.g., ¢=206.9 A at ®,,=80 wt%) suggests that the presence of the
PEG chains results in additional repulsive interactions even at large water content. At low
water content, the samples containing PEG-lipid form two phases (with dsimilar to the
phases observed for the DEA-PEG2KSs), consistent with the rationale we proposed above.
Thus, all PEG-lipid containing lamellar phases yield an increased intermembrane repulsion
at lower water contents. DEA-PEG2K lipid offers both steric repulsion and attractive
interaction, as it has two hydrophilic groups, so some of them can adopt the bridging
conformation between two membranes, which will limit the swelling of membranes, and
some the looping conformation, which is repulsive.

Focusing now on the peak positions at higher water content (= 50 wt%) (Figure 2), it is
evident that the peaks for the control sample shift to continuously lower values of g (i.e.,
reflecting an interlamellar spacing that increases with water content). In contrast, the
position of the first peak stays nearly constant for samples containing double-end-anchored
PEG-lipids at = 60 wt% water, implying that dlevels off at this water content. Thus,
multilayer membranes containing DEA-PEG2Ks incorporated water between ®,,=50 wt%
and 60 wt% (e.g., with dincreasing from 73.8 A to 90.4 A for L’-PEG2K-L), but did not
swell much beyond ®,,=60 wt% (see Figure 4 with ¢=91.8 A and 94.6 A for ®,,=70 wt%
and 80 wt%, respectively, for L’-PEG2K-L).

The observation of this distinct “locked state”, in which the membrane ceases to swell with
further increases in water content, indicates the presence of strong attractive interactions,
which limit the distance between the membranes. The likely source of these interactions is
the formation of physical cross-bridges by the DEA-PEG component of the membrane,
which tether opposing membranes together. The energetic cost of stretching the PEG chain
then limits the distance between two membranes and only permits swelling of the lamellar
phase over a small water dilution range, with dleveling off beyond a certain spacing. After
this point, additional water in the sample forms a separate phase. Note that this observation
shows that the lipid anchor binding energy for both the single- and double-tail anchor is
sufficiently large (several g 7) that phase separation (i.e., the formation of a new phase of
mainly water) is favored over unbinding of the anchor from the membrane or an exclusive
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prevalence of the looping conformation. The phase separation at high as well as low water
content also manifests in the macroscopic appearance of the samples. Samples at low water
content are milky/opaque, indicative of phase separation (i.e., small droplets of the minority
phase (with distinct refractive index) are suspended in the majority phase, giving rise to the
milky appearance). The samples at intermediate water content are clear (indicating a single
phase), and samples at high water content again are opaque with a distinct, clear and non-
birefringent top phase (presumably water) (Figure 3 (c)).

Another notable feature of the data shown in Figure 2 is its time dependence. We measured
the SAXS of the samples one and two months after their preparation. The scattering profiles
of the samples containing L-P2K and L-P2K-L’ were the same for both time points,
suggesting that they had reached equilibrium by the time they were first investigated at one
month. In contrast, the scattering profiles of the samples containing L-P2K-L were different
for the two time points (see Figure 2, parts c-e), ceasing to change only at the two month
time point. Thus, samples containing the symmetric double-end-anchored PEG2K-lipid took
a longer time to reach equilibrium (see also Figure 4).

The likely explanation for this slower equilibration is found in the properties of the
anchoring groups of the DEA-PEGs: L-P2K-L has a double-tail DOB group at each end of
the PEG chain, while one of these is replaced by a single-tail, oleic acid moiety in L-P2K-
L’. The single chain of oleic acid has a much higher solubility in water than the two long
carbon chains of DOB, which increases the probability that it can be found in the
intermediate state schematically shown in Figure 1B (right). This facilitates not only
interconversion between the bridging and looping states, but also any rearrangements of
membranes containing the L-P2K-L" DEA-PEG, thus accelerating equilibration. It is
interesting to note that @ decreases during equilibration: after one month, the interlamellar
spacing of samples at higher water content is close to that of the control samples without
PEG-lipid; after two months, it matches the lower ¢ of the L-P2K-L’-containing samples
(see Figure 4).

Effect of DEA-PEG2000 concentration and reversible transition from a locked to an
unlocked (membrane unbinding) state

Having established that DEA-PEG2K lipids mediate attractive interactions between
membranes, we sought to investigate the effect of the concentration of the DEA-PEGs in the
membrane. Thus, we reduced the concentration of the DEA-P2K-lipids from 5 mol% to 2.5
mol%. The X-ray scattering profiles for these samples are shown in Figures S1 and S3 in the
Supporting Information, while Figure 5 shows the values of d calculated from the scattering
data.

The behavior at low to intermediate (70 wt%) water content is similar to that seen for the
samples with higher DEA-PEG concentration (Figure 4). Two lamellar phases coexist at low
water content, and a single lamellar phase is observed at intermediate water content (40 to
70 wt%). The interlamellar spacing for DEA-P2K-containing samples at 70 wt% water is
much lower than that of the controls and nearly identical (at just under 10 nm) to that at 60
wt% water. However, initial exploratory measurements showed that ¢ had increased strongly
at 80 wt% of water, to a value similar to the controls (about 25 nm) (Figure S1). This
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unlocking of the membrane distance (i.e. membrane unbinding) suggested that the bridging
interactions had been broken, and we investigated the range of 60 to 80 wt% water with a
larger number of samples prepared by two different methods. For one set of samples, we
added appropriate amounts of water to the lamellar phase at 50 wt% of water, to create
mixtures containing from 62.5 to 80 wt% of water. For the second set of samples, we
combined appropriate amounts of samples at 50 wt% (lamellar phase prior to “locking”) and
80 wt% (“unlocked” regime) to prepare a series of samples containing 60 to 77.5 wt% water.
Both sets of samples yield the same peak positions and thus interlamellar spacing (Figures
S3 and 5), strongly suggesting that they represent the equilibrium state, and that the “locked”
regime is not a kinetically trapped state. The plot of the interlamellar spacing (Figure 5)
shows that the behavior of the samples is initially similar to those containing 5 mol% DEA-
P2Ks. An increase in dfrom 50 wt% to 60 wt% (as in the controls) is followed first by a
near plateau. However, a further increase in water content leads to a slow increase in ¢ (with
d'remaining well below that of the controls) until, between 75 and 80% water, d'rapidly
grows. Thus, this lower concentration of DEA-P2Ks is able to “lock” the distance between
membranes initially, but this attraction is weaker (as evidenced by the slight but measurable
expansion) than at 5 mol% DEA-PEG and breaks down at very high water content. It is
interesting to note that this behavior is independent of the anchoring groups on the DEA-
PEG, despite the fact that one would expect a stronger anchoring by the double-tail anchors.
It seems, however, that this is not relevant for the equilibrium state.

Intriguingly, the breakdown of the locking at high water content is readily reversible. This is
evident both from the set of samples prepared by mixing phases with 50 and 80 wt% water
and the fact that an “unlocked” sample (80 wt% water, L-P2K-L") that lost water over time
returned to the “locked” state (Figure S4). Thus, the membranes can be unlocked by adding
water and relocked by either removing water or adding lamellar phase of the same lipid
composition but containing less water. On a molecular level, this means that membranes
with DEA-P2Ks exclusively in the looping conformation (at high water content) readily
regain the bridging conformation.

Note that already after one month; the scattering profiles for symmetric and asymmetric
DEA-PEGs were identical, meaning that equilibration was more rapid at this concentration
of PEG-lipid in the membrane.

Effect of added DEA-PEG5000 and comparison to DEA-PEG2000

To assess the effect of PEG molecular weight, we prepared samples using the single- and
double- end-anchored PEG5K-lipids (Table 1, 4b and 6b, as well as 3b as the control). In
these lipids, the length of the PEG chain is more than doubled compared to the PEG2K-
lipids. Figure S5 in the Supporting Information shows the X-ray scattering profiles, and
Figure 6 shows the calculated interlamellar spacing as a function of water content for
samples containing 5 mol% of these lipids in their membranes.

At low water content, two lamellar phases are observed (as for the SEA-PEG2Ks and DEA-
PEG2Ks). However, the interlamellar spacing of the phase with the larger spacing is higher
(e.g., d=85.9 vs 68.8 A for L-PEG-L’ at 40 wt% water) than for the PEG2K-lipids. (The
spacing of the second phase is unchanged, and again lower than that of the control without
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PEG-lipid.) This is consistent with the interpretation we proposed above, because the larger
PEG chain requires a thicker water layer and thus larger interlamellar spacing to be
accommodated without a large cost in elastic energy.

From 50 to 90 wt% of water, SAXS indicates a single lamellar phase. Again, the
interlamellar spacing increases continuously with water content for the controls (no PEG-
lipid and single-end-anchored PEG-lipid). For the double-end-anchored PEG-lipids,
however, it only increases initially between ®,,=50 wt% (d'= 95.4 A for L-P4K6-L") and
®,,=70 Wt% (d'= 126.3 A for L-P4K6-L"), with dleveling off beyond that (¢= 125.5 A at
®,, = 80 wt% for L-P4K6-L’). Compared to the PEG2K-lipids, the leveling-off happens at
higher water content (70 wt%) and (thus) higher spacing (at 80 wt% water, d=129.0 (L-
P4k6-L") and 133.5 A (L-P4k6-L)). In other words, the double-end-anchored PEG4600
mediate an attractive interaction at a longer range than the PEG2000-lipids.

Samples with both symmetric and asymmetric DEA-P5K-lipids had reached equilibrium one
month after sample preparation, in contrast to the DEA-P2K-lipids (where L-P2K-L
required more time).

We also investigated the effect of PEG-lipid concentration on the attractive interactions
mediated by DEA-PEG5K, by preparing lamellar membrane samples containing only 2.5
mol% of DEA-PEGS5K in the membranes. Because the studies with DEA-PEG2K showed an
“unlocking” of the interlamellar spacing at high water contents (Figure 5), we prepared an
increased number of samples between 70 and 90 wt% water. Again, two sets of samples
were prepared; one by adding water to a concentrated lamellar phase and another by
combining appropriate amounts of the two samples containing 60 and 90 wt% water,
respectively. Figure 7 shows the interlamellar spacing as a function of water content for all
samples. (See Figure S6 in the Supporting Information for the scattering profiles.) As before,
the samples prepared in different ways showed essentially the same interlamellar spacings,
strongly suggesting that the system is at equilibrium.

In contrast to the DEA-PEG2K containing samples, the phase behavior of lamellar
membranes with DEA-PEG5K at 5 mol% is the same as at 2.5 mol%. In particular, locking
of the interlamellar spacing occurs at the same water content (>70 wt%) and d (about 130 A)
and, importantly, the locking remains intact even at 90 wt% water. The likely reason that the
locking is maintained is that the electrostatic repulsion is weaker at the longer distance at
which the DEA-P5K-lipids lock the membranes, and thus this locking is easier to maintain.
The fact that L-P4K6-L exhibits two lamellar phases even at 50 wt% water is most likely
due to incomplete equilibration of the sample, again showing that the asymmetric DEA-
PEGs promote faster equilibration.

Based on the data shown in Figures 4-7, we can quantify the dependence of the interlamellar
distance d'in the locked state on PEG molecular weight. Calculating the PEG radius of
gyration as Rg = a rP/® (for a polymer in a good solvent), with 2= 3.6 A the monomer
length and 7=degree of polymerization, leads to Rg = 35.3 A and 58.4 A for PEG2K (n=
45) and PEG4.6K (7= 104), respectively. This is consistent with measured values of 35 A
and 62 A for PEG2K and PEG5K (7= 113), respectively.8:66:67 Subtracting the membrane
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thickness &, = 39 A®5 yields an average locked water spacing between opposing membranes
of &,,=56.5 A or 1.60 R and 6,, = 89.1 A or 1.53 R for membranes locked with DEA-
PEG2Ks and PEGA4.6Ks, respectively. This finding is consistent with the expectation that the
maximum separation between tethered membranes should be of order Rg, because beyond
that the elastic cost of PEG chain stretching (~ g 7(6\,/Rg)?) would rapidly exceed the
available thermal energy kg 7. However, the locking distance is less than the physical size of
the PEG chain of the tether (= 2Rppnysical = 2(5/3)Y2R5), which indicates that end-anchored
PEG between the layers is considerably more compressed compared to free PEG. To
rationalize this, one must take into account that the conformational space of the PEG chain
of the DEA-PEG is reduced by the confinement of the end groups to the membrane surface.
The remarkably simple relation, 8, ~ 1.6 Rg = 1.6 a /°/>, between the tethering distance and
the length of the PEG tether allows control of the wall-to-wall spacing between opposing
membranes by varying the molecular weight (MW) of the PEG tether. A plot of the
interlamellar spacing combining the data for the DEA-PEGs for PEG2000- and PEG5000-
tethers demonstrates this finding (see Figure S7 in the Supporting Information). Note that
the arguments above all refer to the regime of high water content, where the DEA-PEG
mediates attractive interactions. At low water content, the PEG chains also mediate repulsive
interactions (see above in the discussion of Figure 3). In this regime, the PEG lipid forces a
certain minimum &,,* (in the phase containing the PEG-lipid) due to (repulsive) excluded
volume interaction of polymer chains confined between opposing surfaces. Consistent with
theoretical considerations and related experimental results for supported lipid bilayers,58.69
this distance &,,* is of order Ag, increasing with molecular weight of the PEG chain.

A more complete theoretical understanding of the observed phenomena is beyond the scope
of this paper because besides the lipid anchor binding energy and the elastic energy of
stretching, such theory must also consider the repulsive electrostatic force between the
membranes (which is balanced by the elastic energy of stretching) and the free energy of
phase separation (which occurs both at low water content (two lipid-containing phases) and
high water content (a lipid-containing phase and water)). Only thus considering the whole
system rather an individual DEA-PEG molecule will enable a theoretical understanding of
why, e.g., the preservation of “locking”, does not only require a lipid anchor binding energy
larger than several kg 7 (which is the case for both single- and double-tail anchors) but also a
sufficient concentration of the DEA-PEG in the membrane (see the “unlocking” for DEA-
PEG2000 at 2.5 mol%).

Conclusions

We have demonstrated that double-end-anchored PEG-lipids can reversibly control the
interlayer spacing in a lamellar hydrogel of charged swellable membranes, locking the
membrane wall-to-wall distance limiting the amount of water that is incorporated into the
lamellar phase at higher water content. This is due to the bridging conformation dominating
over the looping conformation of DEA-PEGSs. The locking distance is set by the competition
between attractive (due to bridging) and repulsive (due to looping and interlayer
electrostatic) interactions and follows a predictable relation to the radius of gyration (i.e., the
molecular weight) of the PEG chain as d~ 1.6 Rg. Meanwhile, the strength of locking/
tethering interaction may be tuned by varying the concentration of DEA-PEG in the
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membrane. Notably, in the case of DEA-PEG2K at low concentration (2.5 mol%), the
lamellar hydrogel may be designed to reversibly switch between the locked (constant
spacing with increased addition of water) and unlocked (membrane unbinding) states.

Thus, DEA-PEGs are capable of complementing the protective abilities of PEG-lipids
(which are based on repulsive steric interactions) by adding attractive interactions with a
tunable length scale (via the length of the PEG chain) between membranes. We anticipate
applications of this concept that will harness hydrophobic interactions for hierarchical
assembly of lipid- or surfactant- coated building blocks with distinct shape and size in a
manner similar to, but orthogonal to and complementary with the electrostatic or base
pairing interactions that have been used extensively in the literature. Of possibly enabling
importance for applications is that the structure of the anchoring group controls the kinetics
of forming the locked phase. The newly designed DEA-PEGs with a single hydrophobic
chain on one end (L-PEG-L’; Table 1 6a,b) lead to faster equilibration than those with two
double-chain anchors.

One area for applications is the development of tunable biomaterial interfaces for delivery of
macromolecules (e.g., DNA) by mediating nonspecific but charge-independent attractive
(tethering) interactions with target membrane compartments. This is inspired by retroviruses,
which already employ this concept: their transmembrane protein contains a protruding
external domain consisting of a hydrophilic protein segment followed by a shorter
hydrophobic segment at the N-terminus. This hydrophobic segment is designed to insert into
the host plasma membrane, effectively tethering the virus to the host. The tethering is
followed by the initiation of fusion of the envelope and cell plasma membranes, which
involves fusogenic membrane-associated proteins.’9-72 We plan to use DEA-PEGs a similar
manner to facilitate fusion of cationic liposome—-DNA complexes with endosomal
membranes, to overcome the crucial barrier of endosomal escape.

Further future work will explore additional methods of tuning membrane interactions and
reversibly switching between the locked and unlocked states (looping and bridging
conformations), such as varying the membrane charge density, chemically (and reversibly)
switching between single- and double-end-anchored PEG-lipids, and developing additional
means of adding competing repulsion. Another avenue for future research is varying the
anchoring end groups of DEA-PEGs, for example in ways that allow tethering of other (not
membrane-coated) building blocks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Design of single and double-ended PEG lipids and control of inter-membrane interaction by

tethering. (a) Schematic depictions of the single and double-end-anchored PEG-lipids used
in this study. (b) Schematic depiction of the possible conformations of double-end-anchored
PEG-lipids in opposing lipid bilayer membranes. The looping (left) and bridging (center)
conformations can interchange through the intermediate state with one anchor in the
aqueous layer (right, related to the barrier between conformations). The cross-bridging
conformation fixes opposing membranes in close proximity in the presence of excess water.
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Figure2.

q [A1]

q [A1]

q [A1]

SAXS profiles of lyotropic phases of mixtures of DOPC, DOTAP and single- and double-
end-anchored PEG2000-lipids (50/45/5 molar ratio) at varying water content (®,,) (30 wt%
to 80 wt%). (a) Control samples containing SEA-PEG (L-P2K), one month after preparation.
(b) Samples containing asymmetric DEA-PEG (L-P2K-L’), one month after preparation. (c)
Samples containing symmetric DEA-PEG (L-P2K-L), one month after preparation. (d)
Samples containing symmetric L-P2K-L, two months after preparation. (e) Overlay of the
data shown in (c) and (d) (maintaining the color scheme; light blue: one month after
preparation; dark blue: two months after preparation).
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8,=9,*

Phase
separation

Figure 3.
(a) Schematic illustration of the likely mechanism driving phase separation in PEG-lipid-

containing lamellar phases at low water content. Rather than form a single phase with a
water layer that is too thin (&, < 6,,*) to accommodate the PEG chains without a large
energy cost arising from their elastic deformation, the system phase separates into a PEG-
lipid-containing phase with a larger spacing (6,y = 6,,*) and a phase with a thin water layer
and no PEG-lipid. (b,c) Images of X-ray samples of mixtures of DOPC, DOTAP and single-
and double- end-anchored PEG2000-lipids (50/45/5 molar ratio) at varying water content
(®y) (30, 40, 50, 60, 70, and 80 wt%, from left to right). (b) Control samples containing
SEA-PEG (L-P2K). (c) Samples containing asymmetric DEA-PEG (L-P2K-L"). The opacity
of the samples at high and low water content is indicative of two coexisting phases (small
droplets of the minority phase suspended in the majority phase).
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Evolution of the interlamellar distance dwith water content for lamellar phases of
membranes containing 5 mol% of double-end-anchored PEG2K-lipids and controls (single-
end-anchored PEG2K-lipids and no PEG-lipid). Membrane compositions; DOTAP/DOPC/
PEG2K-lipid=45/50/5 (molar ratio) or DOTAP/DOPC 1:1 (molar ratio) (control, no PEG-
lipid). (a) Plot showing the entire range of water contents investigated. (b) Enlarged view of
the data shown in (a) for low water content, where two lamellar phases are observed for

samples containing PEG-lipids.
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Figure5.

Evolution of the interlamellar distance dwith water content (®,,) for lamellar phases of
membranes containing 2.5 mol% of double-end-anchored PEG2K-lipids and controls
(single-end-anchored PEG2K-lipids and no PEG-lipid). Membrane compositions: DOTAP/
DOPC/PEG2K-lipid=50/47.5/2.5 (molar ratio) or DOTAP/DOPC 1:1 (molar ratio) (control
with no PEG-lipid). The suffix “(50/80)” in the legend designates samples prepared by
mixing appropriate amounts of lamellar phases with 50 and 80 wt% water. The suffix
“(g001”)” in the legend indicates data for the second lamellar phase that was observed for
the respective PEG-lipid (at low water content).
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Evolution of the interlamellar distance &with water content for lamellar phases of
membranes containing 5 mol% of double-end-anchored PEG4.6K-lipids and controls
(single-end-anchored PEG5K-lipids and no PEG-lipid). Membrane compositions: DOTAP/
DOPC/PEG-lipid=50/45/5 (molar ratio) or DOTAP/DOPC 1:1 (molar ratio) (control with no
PEG-lipid). The suffix “(g001")” in the legend indicates data for the second lamellar phase
that was observed for the respective PEG-lipid (at low water content). (a) Plot showing the
entire range of water contents investigated. (b) Enlarged view of the data shown in (a) for
low water content, where two lamellar phases are observed for samples containing PEG-

lipids.
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Figure7.

Evolution of the interlamellar spacing &with water content for lamellar phases containing
2.5 mol% of double-end-anchored PEG4.6K-lipids and controls (no PEG-lipid). Membrane
compositions: DOTAP/DOPC/PEG-lipid=50/47.5/2.5 (molar ratio) or DOTAP/DOPC 1:1
(molar ratio) (control, no PEG-lipid). (a) Plot showing the entire range of water contents
investigated. (b) Enlarged view of the data shown in (a) for low water content. The suffix
“(60/90)” in the legend designates samples prepared by mixing appropriate amounts of
lamellar phases with 60 and 90 wt% water. The suffix “(q001")” in the legend indicates data
for the second lamellar phase that was observed for the respective PEG-lipid (at low water
content).
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Scheme 1.
Synthesis of single- and double-end-anchored PEG-lipids; 7=45 (PEG MW=2000 g/mol),

n=104 (PEG MW=4600 g/mol), or 7/=113 PEG MW=5000 g/mol) Reagents and conditions:
(i) methanesulfonyl chloride, Et3N; (ii) concentrated aqueous ammonia solution; (iii)
HBTU, DIEA; (iv) pentafluorophenol, DCC. DCC: dicyclohexylcarbodiimide; DIEA:
diisopropylethylamine; Et3N: triethylamine; HBTU: NN, ,V -tetramethyl- O-(1 H-
benzotriazol-1-yl) uronium hexafluorophosphate.
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List of the synthesized PEG-lipids with their abbreviated names, PEG molecular weight, and PEG degree of
polymerization.

Compound Notation PEGMW n=
3a L-P2K 2000 45
3b L-P5K 5000 113
4a L-P2K-L 2000 45
4b L-P4.6K-L 4600 104
6a L-P2K-L’ 2000 45
6b L-P4.6K-L’ 4600 104
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