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A
large variety of amphiphilicmolecules
withchargedheadgroupsself-assemble
into closed structures akin to cell

membranes.1�4 Many closed membranes

including viral capsids,5 halophilic organism

envelopes,6,7 and bacterial microcompart-

ments8�10 spontaneously adopt complex

shapes, including icosahedra and other

polyhedral geometries, which suggests that
these envelopes are likely to exhibit internal

crystalline orderingwithin theirmembranes.

The ability to fabricate nanocontainers with

specific internal structures and geometries11

is highly desirable for applications including

catalysis, gene therapy, and targeted drug
delivery.12�14 Specifically, nanoswitches that

can convert chemical energy into mechanical

energy could be used to open and close

membranes or to create large structural

changes in the membrane thickness. How-

ever, it remains unknown how the specific

crystal structure within a membrane affects

its overall morphology on multiple length

scales. Nevertheless, such a mechanism must

exist as shown by many natural systems; for

instance, the robust envelope of halophilic

microorganisms, which allows them to sur-

vive in extreme environments, takes a square

geometry,6 even though the cell wall is

actually composed of a hexagonal lattice7

of various lipids.
In the present work, we explore the pos-

sibility of using electrostatic interactions as
one parameter to drive structural changes
in the coassemblies of ionic amphiphiles
into lattices that are expected to form nano-
containers with specific shape and composi-
tion.15�18 Specifically, we show that the pH
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ABSTRACT Coassembled molecular structures are known to exhibit a large

variety of geometries and morphologies. A grand challenge of self-assembly design

is to find techniques to control the crystal symmetries and overall morphologies of

multicomponent systems. By mixingþ3 and�1 ionic amphiphiles, we assemble

crystalline ionic bilayers in a large variety of geometries that resemble polyhedral

cellular crystalline shells and archaea wall envelopes. We combine TEM with SAXS

and WAXS to characterize the coassembled structures from the mesoscopic to

nanometer scale. The degree of ionization of the amphiphiles and their intermolecular electrostatic interactions are controlled by varying pH. At low and

high pH values, we observe closed, faceted vesicles with two-dimensional hexagonal molecular arrangements, and at intermediate pH, we observe ribbons

with rectangular-C packing. Furthermore, as pH increases, we observe interdigitation of the bilayer leaflets. Accurate atomistic molecular dynamics

simulations explain the pH-dependent bilayer thickness changes and also reveal bilayers of hexagonally packed tails at low pH, where only a small fraction

of anionic headgroups is charged. Coarse-grained simulations show that the mesoscale geometries at low pH are faceted vesicles where liquid-like edges

separate flat crystalline domains. Our simulations indicate that the curved-to-polyhedral shape transition can be controlled by tuning the tail density in

regions where sharp bends can form the polyhedral edges. In particular, the pH acts to control the overall morphology of the ionic bilayers by changing the

local crystalline order of the amphiphile tails.
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of the solution can be used to vary the equilibrium
shape of ionic crystalline amphiphile membranes, via
a fascinating multiscale process that correlates global
mesoscopic shape to the local nanoscale crystalline
structure. Ionic coassemblies generally disassemble at
physiological salt concentrations.19�22 Therefore, we
use long alkyl tail amphiphiles for which the additional
intertail van der Waals attractions lead to salt-stable,
ionically driven coassemblies.
While single-tailed ionic amphiphiles typically form

micelles,23 mixtures of oppositely charged amphi-
philes have a distinct behavior resulting in bilayers
that can even self-assemble into micrometer-sized
icosahedral vesicles under salt-free conditions.16,24

Previous work on polymerizable amphiphiles17 showed
that a large charge imbalance between the cationic
and anionic headgroups enables their coassembly into
nanoscale faceted structures.25 By coassembling op-
positely charged surfactants without a polymerizable
group, we demonstrate that electrostatics provides the
essential “glue” for the crystallization of the tails and
the potential to modify the structure by changing the
solution pH. In fact, the solution pH controls electro-
static correlations, which in turn determine the two-
dimensional crystalline structure. Furthermore, crystal-
line domains can lead to the formation of closed shell
shapes other than the ubiquitous icosahedra. Those
shapes, which resemble organelle microcompart-
ments10 and faceted halophilic organisms,6 are stable
over time even at high salt concentrations. To observe
structural changes at themesoscopic and the atomistic
length scales, we use transmission electron micros-
copy (TEM) for the 10 to 1000 nm length scale (overall
membrane morphology), in situ small-angle X-ray
scattering (SAXS) for observing the 1�100 nm length
scale (membrane wall thickness), and in situ wide-
angle X-ray scattering (WAXS) to observe the angstrom
scale (two-dimensionalmolecular crystal structure within
the membrane).

RESULTS AND DISCUSSION

Figure 1a depicts the two oppositely charged am-
phiphiles used in this study, with dissimilar head-
groups but identical hydrophobic tails. Amphiphile
C15-COOH is a monovalent anionic fatty acid (palmitic
acid). Amphiphile C16-K3 comprises a trivalent cationic
headgroup of three lysine (K) amino acids and a
hydrophobic palmitoyl tail.26 The charge ratio of
þ3/�1 (rather than þ1/�1)16 is expected to reinforce
the ionic correlations and maximize the packing of the
hydrophobic tails into crystalline lattices. Cryogenic
TEM (Figure 1b�d) and quick-freeze/deep-etch TEM
(see Supporting Information, Figure S1) are used to
image the hydrated structures. As expected for simple
surfactants with a large headgroup, cation C16-K3 dis-
solves in water and formsmicelles of∼10 nmdiameter
(Figure S1). It can be coassembledwithwater-insoluble

palmitic acid C15-COOH at different pH values to con-
trol the shape ofmembranes, as shown in Figure 1b�d.
The cation/anion mixture images show a pH-dependent
diversity of shapes including closed unilamellar and
multilamellar faceted vesicles (Figure 1b,d) and open
sheets or ribbons (Figure 1c,d). All of these structures
are consistent with a bilayermembranemorphology as
discussed below.
Simultaneously collected SAXS and WAXS data pro-

vide in situ information on the nanoscale morphology
and atomic length-scale crystallinity, respectively. The
processed SAXS�WAXS data are shown in Figure 2a
as a function of the scattering vector q = 4π sinθ/λ. For
pH 4, 8, and 10, the SAXS intensity in the Porod region
(q < 0.3 nm�1) decreases as∼q�2, indicating scattering
from two-dimensional structures.27 We note that a col-
lection of three-dimensional objects would cause a
∼q�4 decrease and one-dimensional fibers would
show a q�1 decrease. These observations imply that
the structures observed in TEM are composed of two-
dimensional bilayers. The features in the scattering

Figure 1. Coassembly of oppositely charged amphiphiles
shows vesicles in aqueous solution. (a) Charged amphiphiles
used for ionic coassembly:�1 palmitic acid (C15-COOH) with
þ3 trilysine (C16-K3). Representative cryogenic TEM images
of structures formed from amixture of C15-COOH and C16-K3
in water. (b) At pH 5, only vesicles are observed. (c) Solutions
at pH 8 show flat ribbons (indicated by white arrows). (d) At
pH 10, the sample shows a mixture of vesicles and ribbons.
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pattern that would sense the 200�500 nm size of the
vesicles occur belowour 0.05 nm�1 cutoff range in q, so
it is important to complement these SAXS measure-
ments with the TEM images. Fitting the SAXS data to a
bilayer model, as shown in Figure 2b, gives the thick-
ness information for each membrane (Table 1). We
estimate that the thicknesses of the hydrophobic
tail regions are ca. 3.1 nm for pH 3�7 and ca. 2.1 nm
for pH >7, as shown in Figure 2b. For pH 4, the
hydrophobic thickness of 3.1 nm is slightly shorter
than the length expected for two C16 alkyl tails in their
fully extended conformation (∼3.8 nm), whereas at
pH 8, the thickness is consistent with the length of one
C16 alkyl tail (∼1.9 nm), as expected for a more highly
interdigitated bilayer.
The comparison of the WAXS data for the catanionic

mixtures to the data for the pure cation (Figure 2a)
shows that the ordered packing of lipid tails arises only
in structures formed due to electrostatic interactions
between the oppositely charged amphiphiles. The
WAXS data for the solution of cation alone (red dots
in Figure 2a) do not show diffraction peaks, as expected
for a disordered micelle. By contrast, diffraction peaks
appear in the WAXS region for the catanionic mixtures.
For pH <7 and pH >10, the appearance of a single

diffractionpeak indicates that themolecules arepacked
in a two-dimensional hexagonal lattice, whereas the
presence of two diffraction peaks for pH 8�9 indicates
a rectangular-C structure. The lattice parameters and
packing densities as a function of pH are listed in
Table 1. Interestingly, very similar vesicle shapes are
observed by TEM at pH 5 and 10 (Figure 1b,d), while
high aspect ratio nanoribbons are abundant at pH 8
(Figure 1c).
The hexagonal�rectangular�hexagonal transition

as pH increases, illustrated in Figure 2b, can be ex-
plained by the enhanced electrostatic attractions be-
tween the cationic and anionic molecules in the pH
8�9 regime, where both the palmitic acid headgroups
(pKa ∼ 7.5) and the trilysine cationic molecules (pKa ∼
10.5) are expected to be nearly fully charged. In the
low pH regime, the cations are fully charged and the
degree of ionization of the anion is very low, while the
reverse is true at high pH. This will be discussed below
in conjunction with Figure 3e. The WAXS-derived area
per tail (At = 0.192 nm2) for pH 8�9 is less than the
observed At = 0.197 nm2 for pH 3�7 andAt = 0.195 nm2

for pHg10, which corresponds to themaximumpacking
density of the orientationally disordered (cylindrical) alkyl
tails on a hexagonal lattice.28 Therefore, a reduction in At

Figure 2. X-ray scattering from bilayers in solutions. (a) In situ small- and wide-angle X-ray scattering data showing the
background-subtracted scattered intensity versus the scattering vector q for cation C16-K3 alone (bottom) and mixtures of
acid C15-COOH and cation C16-K3 as the pH is increased from 4 to 10. The data sets are offset vertically for clarity. The black
lines are the fits over the range 0.05 < q < 4 nm�1. Deviations in the fits are likely due to sample polydispersity. Inset: WAXS
data and peak fits of the mixed cation/anion samples mixed samples indicate formation of crystalline lattices. (b) Schematic
representations for the bilayermodel at pH 4, 8, and 10 fitted to a bilayermodel. Changes are observed in the thickness of the
hydrophobic portion of the bilayer and the packing of the alkyl tails (green rectangles) into either an orientationally
disordered hexagonal or a rectangular-C lattice. Vertical distortion is exaggerated in the rectangular-C model for clarity.

TABLE 1. Lattice Parameters and Membrane Thicknesses Obtained From X-ray Scattering and Atomistic MD Simulation

2D crystal lattice domain size (nm) lattice constant (nm) area per molecule (nm2) membrane thickness (nm) hydrophobic thickness (nm)

pH WAXS WAXS WAXS WAXS atomistic simulation SAXS atomistic simulation SAXS atomistic simulation

3 hexagonal 31 a = 0.477 0.197 5.3 3.1
4 hexagonal 29 a = 0.477 0.197 0.2 5.3 4.9 3.1 3.6
7 hexagonal 20 a = 0.474 0.195 4.2 2.4
8 rectangular-C 21 a = 0.479 0.192 0.2 4.1 3.9 2.1 2.1

b = 0.800
10 hexagonal 35 a = 0.474 0.195 4.3 1.7
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necessarily requires an orientational ordering of the
backbone plane of the alkyl tails and a distortion of the
hexagonal lattice, which in this case leads to a rectangu-
lar-C lattice (Figure 2b). The sumof integratedWAXSpeak
intensities, which is a measure of the degree of crystal-
lization, is lower at pH 8 than at pH 4. Therefore, bilayers
containinganionicmoleculeswithahigherdegreeof ion-
ization are less crystalline than bilayers with a lower
fraction of ionized groups (i.e., the degree of ionization
inversely affects thedegreeof crystallinity).While theseex-
perimental results clearly demonstrate structural changes
at the nanoscale and mesoscale, they are not sufficient to
identify the detailed mechanism and the behavior of the
system at the level of individual molecules.
As indicated above, the X-ray experiments reveal that

themembrane thickness can be controlledby adjusting
the pH of the solution. To explore the mechanism of
such change, molecular dynamics (MD) simulations are
performed at both atomistic and molecular resolution.
Specifically, we simulate systems with a low degree of
ionization of the palmitic acid groups tomimic the low-
pH data and a high degree of ionization to explain the
intermediate-pH data. Moreover, to reveal the struc-
tures of the faceted vesicles experimentally observed

at low pH, coarse-grained MD simulations are per-
formed at the molecular resolution. That is, a series of
simulations are performed to reveal the morphological
transformations across length scales and the origin of
the observed shell geometries.
We first describe the atomistic simulations per-

formed to describe the pH-induced bilayer thickness
changes. The snapshots from long-time scale (up to
1 μs) atomistic molecular dynamics simulations show
electroneutral systems with 30% (Figure 3a) and 95%
(Figure 3b) average ionization of the palmitic acid
molecules, which correspond roughly to pH 4 and 8,
respectively. The bilayer structure is observed in both
cases. Moreover, interdigitation between layers is
observed only in systems with 95% ionization of the
palmitic acid. Crystallization of the hydrocarbon tails is
observed in both systems, as illustrated in Figure 3a,b.
This is further supported by the diffraction peaks in
the scattering structure factor of the hydrocarbon tails
(Figure 3c), which is obtained from the Fourier trans-
form of the corresponding radial distribution function
(Figure S6 in Supporting Information). (Moreover, to
provide evidence for the crystalline structures in the
upper layer and in the lower layer, a movie showing

Figure 3. Atomistic MD simulation of bilayers. (a,b) Snapshots of the typical bilayer configuration from the explicit solvent
with (a) 30% and (b) 95% average degree of ionization of the anionic molecules. The cationic, anionic, and neutral anionic
molecules are shown in blue, red, and gray, respectively. Solvent (water) molecules are omitted for clarity. The hydrophobic
thicknesses of themembranes are presented. (c) Calculated scattering structure factor, which is comparable to theWAXSdata
in Figure 2. (d) Cartoon of the amphiphile headgroups assumed to be projected into a two-dimensional hexagonal lattice
formed by the amphiphile tails (not to scale). The heads of the amphiphiles are at the vertices of the hexagonal lattice and can
be neutral (gray) or charged via dissociation with charge �1 (red) for the palmitic acid and þ1 (blue) for the lysine groups;
every three nearest-neighbor lysine side chains are connected via a common tail to form the trilysines. (e) Fraction of
dissociated trilysine (blue curves) and palmitic (red curves) sites as a function of pH obtained by Monte Carlo simulation
assuming the lattice shown in (d) for the distribution of cationic (þ3) and anionic (�1) headgroups for 94mMmonovalent salt
concentration. We show for reference the degree of dissociation for the ideal situation of isolated headgroups in the bulk
(dashed lines).Whenmixed in a lattice, their dissociating is enhanced. All curves are generated assumingpKa(COOH) = 7.4 and
pKa(NH

3þ) = 10.5. The dissociation is sensitive to the variations in pKa of lysine headgroups, which we know is lower when the
three heads are connected and confined to the surface; when pKa(NH

3þ) = 7.5, for example, the 100% dissociation of both
groups is not reached at any pH value (see Supporting Information).
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the rotation of the 30% system is provided in Support-
ing Information.) The positions of the peaks in Fourier
transform (Figure 3c) agree well with those observed in
the WAXS data at pH 4 and 8, respectively (Figure 2a).
Furthermore, the scattering structure factors in Figure 3c
suggest a relatively weaker degree of crystalliza-
tion at 95% ionization of acid C15-COOH, which is con-
sistent with the smaller integrated intensity at pH 8
in WAXS. This difference in crystallinity indicates that
a subtle balance among ionic correlations (which, as
explained below, generate net attractions), van der
Waals interactions, and chemical acid�base equilibria
determines the crystalline structure. The area per tail is
found to be∼0.2 nm2 in both the 30 and 95% systems,
which is consistent with the WAXS data (Table 1). The
rectangular-C packing of the hydrocarbon chains
was not reproduced by our atomistic MD simulations,
which may be due to the limited length scale
(<10.5 nm) and time scale (1 μs) of the simulation.
Another reason may be attributed to the force field,
which was not parametrized for crystalline phases,
where the configuration entropy likely plays a more
significant role than in the liquid phase. Monte Carlo
simulations show how the pH is related to the degree
of ionization of the molecules (Figure 3d). When the
cationic and anionic amphiphiles coassemble (Figure 3e),
the dissociation is more favorable when compared to
the cases of isolated anionic and cationic molecules in
solutions.29,30 Therefore, headgroups are charged over
a broad range of pH values. Removing salt enhances
this effect (cf. Supporting Information).
Also indicated in Figure 3a,b are the MD-derived

thicknesses of the hydrophobic tail regions of the
membranes, which are found to be 3.6 nm for the
30% ionization system and 2.1 nm for the 95% ioniza-
tion system and are consistent with the corresponding
SAXS data in Figure 2b. The change of the bilayer
thickness can be interpreted based on the imbalance
between the excluded volume of the large cationic
headgroups and the relatively small cross section of
the hydrophobic tails, which is compensated by the
relatively high proportion of uncharged palmitic acid
C15-COOH at low pH. When the pH is elevated, the
imbalance between the excluded volumes of the head-
groups and tails increases because there are not
enough uncharged palmitic acid molecules to fill the
voids. This imbalance is energetically unfavorable and
can be compensated by the interdigitation of the
hydrophobic tails in the upper and the lower leaflets,
as illustrated in Figure 4, to maintain the attractive
hydrophobic interactions (Table S1 in Supporting
Information).
A simple estimate of the electrostatic correlations

can explain the formation of the crystalline lattices on
the vesicles. The electrostatic correlations are quanti-
fied by lB = e2/4πε0εrkBT, the length at which the elec-
trostatic interaction is comparable with the thermal

energy kBT (where e is the unit charge, εr is the relative
permittivity of the medium, and ε0 is the dielectric
permittivity of vacuum). The hydrocarbon tails are
nonpolar with εr ≈ 1, while εr ≈ 80 in water. Conse-
quently, the headgroups located between polar water
and nonpolar tails experience a weaker dielectric
response (typically the mean εr between the two
media, i.e., εr ≈ 40), resulting in lB ≈ 1.4 nm, which is
approximately three times the interchain distance
observed by WAXS, d ≈ 0.5 nm. The electrostatic
energy necessary to hold together one þ3 and
three �1 chains into a four-tail bundle is then Ee ≈
3(�1)lBkBT/d ≈ �9 kBT, in agreement with the esti-
mates fromatomisticMD simulations of about�2.8 kBT
(30%) or about�2.4 kBT (95%) per NH3

þ-COO� ion pair
for their cohesive energy (cf. Supporting Information),
which is the effective interaction between them
mediated by the water environment. Adding the hydro-
phobic attraction, which is around �20 kBT/chain from
atomistic MD simulations (cf. Supporting Information)
gives Eb ≈ �90 kBT. In contrast to ionically driven
assembly of incompatible molecules,31 the assembly
discussed here induces short-range attractions among
dissimilar molecules of opposite charge, explaining the
stability of the ionic crystalline bilayer up to salt con-
centration n = 500 mM NaCl. As shown in Figure 5b,
a single diffraction peak in theWAXS region shows up in
all four curves, indicating that the hydrophobic tails are

Figure 4. Bilayer structure (a) before (simulation time of
0 ns) and (b) after (1 μs) the interdigitation of the upper
leaflet (hydrocarbons in orange) and the lower leaflet
(hydrocarbons in silver) in the 95% system. Only a small
fraction of the system is displayed for clarity. The process of
the interdigitation is predominately induced by an increase
of the hydrophobic interaction (ΔE = Eafter � Ebefore =
�3.56 kBT/nm

3) relative to the ionic correlation between
the opposite layers (�1.38 kBT/nm

3) (Table S1).
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still crystallized into a hexagonal lattice even at high salt
concentrations.
Our results show that though electrostatic interac-

tions can induce the formation of rectangular lattices in
membranes of short ionic amphiphiles, the irregular
faceted shapes seem to be prominent when the
crystalline lattice is hexagonal, which is the ubiquitous
symmetry in crystalline shells. To further reveal the
morphology at mesoscale level, coarse-grained MD
simulations are performed using the MARTINI force
field.32,33 Under MARTINI force field, four heavy atoms
are represented by one interaction bead on average
(Figure S7 in Supporting Information). Therefore, the
atomistic structure is semiquantitatively preserved. In
Figure 6a, a MARTINI MD simulation snapshot of the
optimal tail packing shows that the internal structure
of the vesicle bilayer is not homogeneous. The vesicle

surface can be thought as a two-component shell,
where one component represents flat crystalline do-
mains while the second component represents the
high curvature, liquid-like boundaries between the
hard facets. The bilayer packing and thickness in the
flat areas are in agreement with the atomistic MD
simulations (Figure 3a). Given that the size of the crys-
talline domains obtained by SAXS is ∼30 � 30 nm2,
our results suggest that small vesicles (<100�200 nm
in diameter), in which only few crystalline domains
cover their surfaces, are more likely to be faceted
into polyhedral structures with low symmetry (lower
than the icosahedra) observed by TEM (Figure 4b�d).
On the other hand, large vesicles in which the defects
spread over many boundaries have nearly spherical
faceted shapes (Figure 1b). The MARTINI MD simula-
tions (Figure 6a) show that the edges of the polyhedra
are fluid-like bilayers. We note the possibility that a
fluid-like regionmay exist on the polyhedron only if the
packing lattice is hexagonal. This is because the phase
diagram for tail packing, as observed in Langmuir
films,28 allows fluid-hexagonal coexistence. In com-
parison, there does not exist an obvious coexistence
region between rectangular-C and fluid phases in
monolayers,28 which may explain why the vesicles
are not stable at higher degrees of ionization when
the pH is 8 (Figure 1b).

CONCLUSIONS

In conclusion, the pH acts as a switch that controls
the crystal structure and therefore the mesoscale
morphology of bilayers of coassembled ionic amphi-
philes. The low symmetry faceted shapes are due to
crystalline domains induced by ionic correlations.
These 2D ionic correlations, as in ionic bonding, are
not sufficiently screened by the bulk salt, generating
membranes that are stable even at high salt concen-
trations. The ionic non-icosahedra faceted vesicles

Figure 5. X-ray scattering from bilayers in salt solutions. (a) SAXS�WAXS data showing the scattered intensity versus the
scattering vector q formixtures of acid C15-COOHand cation C16-K3 in 0, 150, 250, and 500mMNaCl solutions (frombottom to
top) at pH 4. The three data sets are offset vertically for clarity. The broad oscillations in the SAXS region are consistent with
form factors for catanionic bilayers. The small peak at 1.77 nm�1 is due to suspended (undissolved) solid palmitic acid.
(b) WAXS data for the mixture in 0, 150, 250, and 500 mM NaCl solutions (from bottom to top).

Figure 6. Faceted vesicle observed in simulation and TEM.
(a) Representative snapshot of the MARTINI coarse-grained
MD simulation where half of the vesicle is omitted for
clarity. The ionization degree of the anion is 30%, and the
molecules are color-coded as in Figure 3a,b. (b�d) TEM
images of low symmetry, highly faceted vesicles observed
in the mixture at pH 5.
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are not homogeneous and the facets have a non-
zero Young's modulus, akin to crystallized double-tail
surfactants34 or chemically bonded membranes.35

Their crystalline lattice and morphology, however, are
determined by the solution pH. The observed irregular
faceted shapes arise only in hexagonal crystalline
lattices, where crystalline domains are separated by
soft interfaces that bend to release stress. At inter-
mediate pH values, the induced crystalline transition
opens the closed membranes. Faceting also arises
when strongly charged molecules, such as DNA, are
adsorbed into oppositely charged lipid vesicles,36

which suggests that the geometries found here
may also arise in the adsorption of multivalent ions
on lipids37 or cellular membranes.38 Our results also
suggest that spherical-to-faceted reversible transi-
tions can be induced in cationic vesicles by adding
(or chelating) metallic multivalent ions,39 similar to
the halophilic archaeon Haloarcula japonica, which

undergoes a triangular to spherical morphological
change after lowering the magnesium concentration
in the medium,40 in addition to other possible kinetic
growthmechanisms of faceted geometries.41 The find-
ings improve our understanding of howmolecules self-
assemble into robust aggregates with well-defined
structures and surface composition stable at physiolo-
gical ionic conditions and/or high salt concentrations,
such as unusual viral capsids,5 carboxysomes,8�10 or
halophilic organisms.6,7 We foresee applications of
these vesicles to the design and fabrication of func-
tional nanoscale containers. Moreover, our work de-
monstrates that a local molecular scale change in
structure induced by adjusting the solution pH leads
to mesoscale structural changes. This process eluci-
dates a mechanism by which chemical energy trans-
forms into mechanical energy, which could be
exploited in the design of bioengineered synthetic
nanomachines.

MATERIALS AND METHODS

Synthesis. All amino acids and Rink MBHA resin were pur-
chased from Novabiochem Corporation (San Diego, CA). All
other reagents and solvents for peptide synthesis were pur-
chased from Aldrich or TCI and used as provided. The synthesis
of theN-palmitoyl trilysine C16-K3 was performed using standard
manual solid-phase peptide synthesismethods. Briefly, peptides
were grown on Rink amide MBHA polystyrene resin, using
4.0 molar equiv of an Fmoc-protected amino acid, 3.95 equiv
of 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HBTU), and 6 equiv of N,N-diisopropylethyla-
mine (DIEA) for each residue coupled to the resin. The palmitic
acid tail was subsequently coupled to the N-terminus of the
peptide by adding 8.0 molar equiv of palmitic acid C15-COOH to
the peptide in the presence of 7.95 molar equiv of HBTU and 12
molar equiv of DIEA. The palmitic acidwas then cleaved from the
polystyrene resin, and amino acid side groups were deprotected
in 95% trifluoroacetic acid (TFA), 2.5% triisopropylsilane (TIS), and
2.5% deionized water. TFA was removed by rotary evaporation,
and thepeptide productwas collectedby precipitationwith cold
diethyl ether. Peptide C16-K3 was purified by Varian preparative
HPLC using a Waters Atlantis C-18 30 � 250 mm column under
a slowelutiongradient of 98% to0%water andacetonitrile (0.1%
TFA). Separation with a gradient of 40�60% water over 25 min
gave the desired peptide C16-K3 as the trifluoroacetate salt.

Sample Preparation. Cation C16-K3 was first dissolved inMilli-Q
water at a concentration of 4mM (typically 750 μL). This solution
was added to a centrifuge tube containing 3 equiv of solid
palmitic acid C15-COOH. The mixture was agitated and heated
to 80 �C for 60 min. Each sample was cooled to room tempera-
ture then centrifuged at approximately 2000 rpm for 5 min to
remove residual palmitic acid prior to analysis. The pH of this
solution was approximately 3 before and after heating. The pH
of each sample (except pH 3) was adjusted with 1 M NaOH after
heating.

Transmission Electron Microscopy. Cryogenic transmission elec-
tron microscopy (cryo-TEM) imaging was performed on a JEOL
1230 microscope, operating at 100 kV. A small droplet of the
solution (5�10 μL) was placed on a holey carbon film supported
on a TEM copper grid. The grid was held by a tweezer mounted
on a Vitrobot VI equipped with a controlled humidity and
temperature environment. The specimen was blotted and
plunged into a liquid ethane reservoir cooled by liquid nitrogen.
The vitrified samples were transferred to a Gatan 626 cryo-
holder through a cryo-transfer stage cooled by liquid nitrogen.

During observation of the vitrified samples, the cryo-holder
temperature was maintained below �180 �C. The images were
recorded with a CCD camera.

X-ray Scattering. SAXS and WAXS patterns were collected
simultaneously by two separate CCD X-ray areal detectors at
the DND 5ID-D undulator beamline of the Advanced Photon
Source at Argonne National Laboratory. The sample solution
was injected through a capillary tube flow-cell at room tem-
perature to reduce radiation damage. The capillary was sur-
rounded by vacuum to avoid air scattering. Data were collected
at an incidentphotonenergyof 10.00 keV (wavelengthλ=1.240Å)
with the sample to detector distances arranged to allow the 2θ
scattering angle range of the SAXSdetector to partially overlap the
2θ range covered by the WAXS detector. For purposes of back-
ground subtraction, SAXS�WAXS patterns were also collected
from the empty capillary and from the capillary containing
the solution without the amphiphiles. The exposure time
for each image was 10 s, and five images were taken for each
sample. The 2D SAXS�WAXS patterns were converted into
1D radial intensity patterns, I(θ), by circular integration. Sample
solutions were prepared as described above.

Theory and Simulations. The effects of correlations on the
dissociation of acid and basic groups as a function of the pH
value are obtained by Monte Carlo simulations. We model a
two-component system on a triangular lattice with two types
of sites, those that are acidic (i.e., can be either neutral qA = 0 or
negatively charged qA =�1) and those that are basic (i.e., qB = 0
neutral or positively charged qB = þ1, þ2, þ3). The sites are
placed on the lattice shown in Figure 3d chosen to approximate
the location of acidic and basic headgroups in the experimental
system of interest. Three qB sites are connected to represent
a single molecule. The Hamiltonian used in the simulations is
given by

H

kBT
¼ μA

kBT
∑
i

ZA
i þ μB

kBT
∑
i

ZB
i � 1

2
lBK∑

i

Z2
i þ

1
2∑i 6¼j

ZiZj lb( �1)ηe
�Krij

rij

where Zi is the absolute value of the ionization state of site i
(i.e., ZA = 0, 1 and ZB = 0, 1, 2, 3), and η = 0 (1) if sites i and j have
the same (opposite) sign. The chemical potentials are given as

μI
kBT

¼ �ln10(pH � pKa(I))

for I = A, B.
The atomistic MD simulations were performed using the

GROMACS package (version 4.5.5). The latest version of the
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GROMOS96 54A7 united-atom force field42 was employed for
the amphiphiles; water is modeled using the SPC model. The
electrostatic interactions were calculated using the particle
mesh Ewald method, and the short-range Lennard-Jones inter-
actions were truncated at 1.2 nm. Two systems representing the
ionization degrees of palmitic acid molecules of 30 and 95%,
respectively, were investigated, which are correspondingly
composed of 660 (30%) and 632 (95%) amphiphiles. The
simulations were started from pseudobilayer structures (akin
to Figure 4a, no interdigitation), as we care about the equilib-
rium structure, rather than the slow kinetics of the self-assem-
bling process. The simulation was performed for a duration of
300 ns for the system with 30% ionization of palmitic acid. The
formation of the interdigitation in the system with 30% ioniza-
tion of palmitic acid is very slow, requiring a simulation as long
as 1 μs. In the simulations, the area per lipid tail was tracked for
the equilibration of the systems.

The MARTINI coarse-grained MD simulation was performed
by employing the latest stable MARTINI force field (version
2.1).32,33 The planar bilayer was prepared and equilibrated at
room temperature. Increasing the temperature to 350 K leads to
the spontaneous formation of a spherical vesicle. Returning to
ambient temperature and removing∼40% of the waters in the
vesicle interior sped up the simulation, and faceted vesicles
were obtained within 100 ns. The MARTINI MD simulation was
performed for the duration of up to 1 μs.
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