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ABSTRACT: We report the aqueous lyotropic mesophase
behaviors of protonated amine-based “lipidoids,” a class of
synthetic lipid-like molecules that mirrors essential structural
features of the multitail bacterial amphiphile lipid A. Small-angle X-
ray scattering (SAXS) studies demonstrate that the protonation of
the tetra(amine) headgroups of six-tail lipidoids in aqueous HC],
HNO;, H,SO,, and H;PO, solutions variably drives their self-
assembly into lamellar (L,) and inverse micellar (I;) lyotropic
liquid crystals (LLCs), depending on acid identity and
concentration, amphiphile tail length, and temperature. Lipidoid
assemblies formed in H,SO4(aq) exhibit rare inverse body-
centered cubic (BCC) and inverse face-centered cubic (FCC)
micellar morphologies, the latter of which unexpectedly coexists
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with zero mean curvature L, phases. Complementary atomistic molecular dynamics (MD) simulations furnish detailed insights into
this unusual self-assembly behavior. The unique aqueous lyotropic mesophase behaviors of ammonium lipidoids originate in their
dichotomous ability to adopt both inverse conical and chain-extended molecular conformations depending on the number of
counterions and their identity, which lead to coexisting supramolecular assemblies with remarkably different mean interfacial

curvatures.

B INTRODUCTION

Synthetic molecules inspired by the chemical structures and
functions of biological amphiphiles are useful building blocks
for the fabrication of new soft materials.'® The self-assembly
behaviors of cell membrane lipids have stimulated the design of
synthetic materials and functional interfaces that exhibit
supramolecular structures, physicochemical properties, and
material functions that can exceed those of natural systems.”~"°
Although synthetic mimics of ubiquitous glycolipids and
double-tailed phospholipids have been reported in this
context,” little attention has focused on synthetic analogues
of naturally occurring lipids bearing three or more hydro-
phobic tails.”*®'”"® Multitail structures potentially offer access
to unique self-assembly behaviors and rare morpholo-
gies.'”"”?° While synthetic approaches to multitail “lipidoids”
with well-defined headgroup identities, tail lengths, and other
key features have been previously reported,””” the self-
assembly behaviors of these pure compounds have not been
extensively studied. A deeper understanding of the relationship
between lipid structure and phase behavior will potentially
enable the design of new functional materials based on
biomimetic amphiphiles.

Lyotropic liquid crystals (LLCs) are functional supra-
molecular materials that spontaneously arise from amphiphile
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self-assembly in aqueous media.'®** LLC morphologies offer
subtle insights into the curvature preferences of the underlying
lipids, which often relate to their specific biological
functions.”**> The LLC phase behaviors of amphiphiles
depend strongly on their hydrated molecular shapes, which
drive the formation of lamellar (L,), bicontinuous network
(Q), hexagonally packed cylinder (H), and discontinuous
micellar (I) phases.'®'”?%?%*” Assemblies that exhibit positive
mean hydrophilic/hydrophobic interfacial curvature with a
hydrophilic matrix phase are designated as type I or “normal”
phases, whereas type II or “inverse” LLCs exhibit negative
mean curvatures with hydrophobic matrices.”” The lyotropic
phase behaviors of synthetic surfactants are sometimes known
to mimic the biological functions of their natural analogues.
For example, synthetic gemini (twin head—twin tail)
amphiphiles preferentially form negative Gaussian (saddle)
curvature Q-phase LLC morphologies,”* " whereas double-
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Figure 1. (A) Structure of a representative lipid A homologue comprising six tails and two phosphate headgroups from E. coli.*® (B) Protonated six-
tail lipidoids that undergo aqueous lyotropic self-assembly, derived from the acid treatment of (C) six-tail lipidoids (1,) that are readily obtained

from a high yielding, one-step synthesis.

tailed surfactants typically enforce negative mean curvatures
that can lead to ordered inverse micellar (I;;) phases.”’ The
former discoveries in synthetic amphiphiles strikingly mirror
the behavior of cardiolipin, a natural tetra-tail gemini lipid that
promotes saddle curvature in bilayers, which is essential to
cellular processes such as membrane pore formation and
vesicle fusion/fission.>! 3%

Bacterial lipid A and its naturally occurring homologues
(Figure 1A) display several desirable self-assembly character-
istics,”>** which may be mimicked synthetically by lipidoids
comprising multiple hydrophobic tails with pH-responsive
headgroups. One key function of lipid A is to anchor
lipopolysaccharides (LPS), also known as endotoxins, to the
exterior surface of the outermost bilayer in Gram-negative
bacteria. Although structural variations exist across species,
lipid A typically bears at least six aliphatic tails and one or more
phosphate-containing headgroups.”*** Studies of bacterial lipid
A isolated from different species indicate that its homologues
form various LLC phases, which depend on both their
chemical structures and the surrounding aqueous environ-
ment.>>73%*7* The number and length of the lipid tails, in
conjunction with the number and protonation state of the
anionic phosphate headgroups, dictate the formation of Iy,
inverse hexagonal (Hy), and L, LLCs as functions of pH,
temperature, and aqueous ionic strength.’>*®*"*>*5%7 The
ability of lipid A to switch between morphologies with different
transport properties in response to external stimuli could be a
useful property for functional materials (e.g., from the
connected water channels of a Hj phase to isolated water
pools of I as a molecular “valve”). However, its inherent
toxicity, hydrolytic instability, species-to-species variability, and
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low yields of isolated lipid necessitate the design of new
synthetic analogues.

Herein, we report the protonation-driven self-assembly of a
homologous series of six-tailed amphiphiles (Figure 1B,C)
under a range of pH and temperature conditions, and we show
that these multitail lipidoids mimic many key behaviors of
bacterial lipid A. We previously reported that selected lipidoids
trigger optical transitions in thermotropic liquid crystal
microdroplets in a manner analogous to that for lipid A.***
We speculated that this behavior arose from supramolecular
self-assembly of the amphiphile and subsequent interactions
with topological defects of the droplets. Using temperature-
dependent synchrotron small-angle X-ray scattering (SAXS),
we now show that the lyotropic self-assembly of six-tail
lipidoids in acidic media depends sensitively on the tail length,
temperature, headgroup protonation state, and counterion
identity. Lipidoids with nine-carbon alkyl tails form a rare
lyotropic body-centered cubic (BCC) packing of inverse
spherical micelles. Lipidoids with longer tail lengths instead
self-assemble into rare face-centered-cubic (FCC) packings of
inverse micelles that coexist with zero mean curvature L,
phases. Atomistic molecular dynamics (MD) simulations of
these self-assembly processes reveal that the occurrence of
coexisting phases with starkly different interfacial curvatures
originates in the unique ability of lipidoids to adopt both
inverse conical and chain-extended amphiphile conformations
on hydration. Establishing fundamental relationships between
amphiphile structural features and their self-assembled LLC
morphologies will open the door to new lipidoid applications
in dynamic molecular transport and small-molecule delivery.

https://dx.doi.org/10.1021/acs.langmuir.0c01369
Langmuir 2020, 36, 8240—-8252
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B EXPERIMENTAL SECTION

Materials. Tris(2-aminoethyl)amine (TREN, 96%) and m-
chloroperoxybenzoic acid (m-CPBA, 70—75%) were purchased
from Acros Organics (Morris Plains, NJ). 1,2-Epoxyoctane (99%),
1,2-epoxydecane (97%), 1,2-epoxydodecane (95%), and 1-undecene
(97%) were purchased from Alfa Aesar (Radnor, PA). 1-Nonene was
purchased from TCI America (Philadelphia, PA). 1-Iododecane
(98%), Cs,CO; (99%), concentrated H,SO, (ACS grade, 95—98 wt
%), concentrated HCI (ACS grade 37 wt %), concentrated HNO; (70
wt %), concentrated H;PO, (85 wt %), CH,Cl, (HPLC grade,
>99.8%), CHCl; (HPLC grade, >99.8%), aqueous NH,OH solution
(ACS grade, 28—30 wt %), CDCl; (99.8% D), and dodecane (>99%)
were purchased from Sigma-Aldrich Chemical Co. (Milwaukee, WI).
Diethyl ether was purchased from VWR (Radnor, PA). Methanol
(MeOH; ACS grade) was purchased from Avantor Performance
Materials (Center Valley, PA). SilicaFlash P60 silica gel (230—400
mesh) was purchased from Silicycle (Quebec City, QC). Anhydrous
THF was obtained from a Pure Process Technology solvent
purification system (Nashua, NH). Deionized water (18.2 MQ-cm)
was obtained from a Milli-Q system (Millipore, Bedford, MA) and is
hereafter referred to as Milli-Q water. Silica gel TLC plates were
purchased from Sigma-Aldrich (Milwaukee, WI), and compounds
were visualized using I,(s) vapor and an anisaldehyde-based stain.
Unless otherwise noted, materials were used as received without
further purification.

Molecular Characterization. 'H and *C NMR spectra were
recorded at 22 °C on either a Bruker Avance III 500 or a Varian
INOVA 500 spectrometer. NMR chemical shift values were
referenced to the residual proton or carbon peaks of CDCl; (6 7.26
ppm for 'H NMR spectra and § 77.2 ppm for *C NMR). Sonication
was performed using a Branson 2510 water bath sonicator operating
at 22 °C. Mass spectrometry was performed on a Waters LCT
electrospray ionization time-of-flight mass spectrometer using 10 mM
NH,OAc in CH;CN or MeOH at a flow rate of 40 uL/min.
Elemental analyses (C, H, and N) were conducted at Atlantic
Microlab, Inc. (Norcross, GA, USA).

Synthesis of Odd-Carbon-Number 1,2-Epoxyalkanes. 1,2-
Epoxyalkanes of 1-nonene and l-undecene were synthesized by the
following modification of a literature procedure.*® The alkene (~110
mM, 1.0 equiv) was dissolved in CH,Cl, (300 mL) in a S00 mL
round-bottom flask, which was immersed in an ice/H,O bath. Solid
m-CPBA (1.25 equiv) was added portionwise over ~1 h. After the
reaction was warmed to 22 °C, the solution was stirred overnight. The
resulting clear solution was then concentrated to approximately half of
its original volume under reduced pressure, transferred to a separatory
funnel, and washed sequentially with saturated NaHCO;(aq) (3 X 40
mL), 10 wt % NaOH(aq) (1 X 40 mL), and saturated NaCl(aq) (3 X
40 mL). The colorless organic phase was dried over Na,5SO,(s) and
gravity filtered through Whatman no. 2 filter paper, and the solvent
was removed from the filtrate under reduced pressure to afford the
desired product as a clear, colorless oil. 1,2-Epoxynonane: '"H NMR
(500 MHz, CDCl,, 22 °C) & (ppm) 0.88 (t, 3H), 1.28 (m, 8H),
1.39—1.56 (m, 4H), 2.46 (m, 1H), 2.74 (m, 1H), 2.90 (m, 1H). 1,2-
Epoxyundecane: '"H NMR (500 MHz, CDCl;, 22 °C) & (ppm) 0.88
(t, 3H), 1.26 (m, 12H), 1.38—1.56 (m, 4H), 2.46 (m, 1H), 2.74 (m,
1H), 2.90 (m, 1H).

Representative Synthesis of Six-Tail Lipidoids. Lipidoids are
designated as 1,, where n refers to the carbon number of the 1,2-
epoxyalkane from which they originate (Figure 1C). Lipidoids 1,4 and
1,, were synthesized and purified as previously described,” and 1,
and 1, were analogously obtained by the ring-opening reaction of the
desired 1,2-epoxyalkane with TREN. Briefly, TREN (1.0 equiv) and
the desired 1,2-epoxyalkane (6.6 equiv) were weighed into a 6 mL
glass vial, which was sealed and stirred at 90 °C for 4 days.
Purification of the resulting reaction mixture by gradient elution flash
chromatography [100% CH,Cl, to 75:22:3 vol % CH,Cl,/MeOH/
NH,OH(aq)] furnished the desired products, typically in greater than
90% yield.
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15: '"H NMR (500 MHz, CDCly, 22 °C) § (ppm) 0.9 (t, —CH,,
18H), 1.2-1.6 (m, —CH,—72H), 2.2-3.0 (m, —-N—CH—, 24H),
3.5-3.7 (m, —CH—OH, 6H), 5.0 (s, —OH, 6H). *C NMR (125.74
MHz, CDCL;22 °C) & (ppm) 14.22, 22.80, 25.94 (m), 29.69, 30.11,
32.08, 35.17 (m), 62.76 (m), 64.44 (m), 67.63 (m), 70.01 (m).
Elemental analysis: CgH5(N,Og. Caled: C, 72.1; H, 12.7; N, S.6.
Found: C, 71.1; H, 12.5; N, 5.6. Mass spectrometry (ESI+) m/z:
Caled [M + H]" 1000.7 g/mol, found 1000.0 g/mol.

1;;: '"H NMR (500 MHz, CDCl, 22 °C) § (ppm) 0.9 (t, —CH,,
18H), 1.2—1.6 (m, —CH,— 96H), 2.2-3.0 (m, —-N—CH-, 24H),
3.5-3.7 (m, —CH—OH, 6H), 5.0 (s, —OH, 6H). *C NMR (125.74
MHz, CDCL,22 °C) & (ppm) 14.24, 22.85, 25.88 (m), 29.03, 29.32,
29.88 (m), 32.57, 33.93, 35.06 (m), 62.64 (m), 64.62 (m), 67.74 (m),
70.08 (m). Elemental analysis: C,,H,5(N,Oy. Calcd: C, 74.0; H, 13.0;
N, 4.8. Found: C, 74.2; H, 13.1; N, 4.9. Mass spectrometry (ESI+) m/
z: Caled [M + H]* 1169.0 g/mol, found 1168.2 g/mol.

Preparation of Lipidoid LLCs in Acidic Aqueous Media.
Lipidoids (~20 mg) were weighed into 24 mL glass vials, and 15 mL
of acidic solution was added to yield a final lipidoid concentration of
0.133 wt % (1.06—1.33 mM in solution). While the CMCs for these
lipidoids were not directly determined, our previous study suggests
that they aggregate even at picomolar concentrations.*’ The acidic
solution ionic strength was set to I = 6 M, which was calculated from
I= %n Z:: cz.>, where n is the number of ions in solution and ¢; and
z; are the respective concentrations (in mols/dm®) and charges of
species i. The resulting dispersions were vortex mixed for 30 s,
sonicated in a water bath for 30 s, and then quiescently annealed at 90
°C in an oil bath for 2 h. After cooling to 22 °C, the physical
consistencies of the lipidoids in acidic dispersions ranged from viscous
oils to stiff, solid-like materials in excess solution. These LLCs were
subsequently handled in the presence of excess liquid to ensure
preservation of the LLC morphology since the amphiphile
protonation reaction is an equilibrium process.

To prepare oil-swollen samples, a mixture of 1;, (5 mg) and
dodecane (14 mg) was dissolved in diethyl ether (200 mg). This
solution was added dropwise to 3 M H,SO,(aq) (3.75 mL), and the
ether was allowed to evaporate over 1 h at 22 °C to yield a solid-like
disc at the surface of the acidic solution. As a control experiment, 1,
(5 mg) was dissolved in ether and a sample was prepared as above in
the absence of oil.

Composition Analyses of Protonated Lipidoids. Excess acid
solution was decanted to isolate the protonated lipidoid LLC, which
was then transferred to a tared sample vial. The vial was centrifuged at
4000 rpm for S min to promote the expulsion of any excess aqueous
solution, which was absorbed and removed from the vial using a
Kimwipe. This process was carried out four times or until a constant
LLC mass (m; ) was achieved. The LLC was then frozen in N,(I)
and dried under high vacuum at 22 °C for 48 h, prior to further drying
to a constant mass (my,,) under high vacuum at ~80 °C. The water
mass (1,,,) was calculated as m, ., = My c — Mgy, assuming that the
mass loss under vacuum stemmed solely from water evaporation.
Elemental analysis (C, H, N) was performed on these dry samples to
calculate the number of acid molecules per lipidoid and thus estimate
the tetra(amine) headgroup protonation state as follows. The
theoretical CHN content of a lipidoid coordinated with various
molar quantities of acid were calculated (Table 1) and matched to the
experimentally observed CHN composition. For example, elemental

Table 1. Acid Composition Estimate for the LLC Formed by
Lipidoid 1,y in 1 M H,80,(aq) Based on the Elemental
Analysis of a Dried LLC Isolate

[H,S0,]/[1,0] theoretical formula C H N
1.8 CosHineNiO132S1s 6290 1132 445
1.9 CecHisN,OpseSrs 6241 1125 441
2.0 CoeH1N,0145, 6193 1118 438
21 CecH1naN,O11iSy, 6146 1111 434
22 CocHinaN,O14sS, 6100 1104 431

https://dx.doi.org/10.1021/acs.langmuir.0c01369
Langmuir 2020, 36, 8240—-8252
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analysis of the dried residue resulting from the 1,, LLC formed in
excess 1 M H,5S0,(aq) yielded mass fractions of C 61.90%, H 11.23%,
and N 4.28%. From Table 1, we find that the theoretical composition
that most closely matches the experimental one (within the expected
variance of +0.4%) exhibits [H,SO,]/[1;0] = 2.0 with [1,,] = 1.06—
1.33 mM. This composition suggests a fully protonated headgroup
coordinated with two SO,>” counterions.

Small- and Wide-Angle X-ray Scattering (SAXS and WAXS)
Analyses. Synchrotron SAXS analyses were conducted at the 12-ID-
B beamline of the Advanced Photon Source (Argonne, IL, USA)
using 14.00 keV (A = 0.8856 A) beam energy. Two-dimensional SAXS
and WAXS patterns were collected on a Pilatus 2 M area detector
(172 pm X 172 pm pixel size) with a sample-to-detector distance of
either 2.000 or 3.616 m, as calibrated with a silver behenate standard
(d =58.38 A). Lipidoid LLCs in their excess supernatant acidic media
were sealed in quartz capillaries (Hampton Research) or Kapton
tubes (Cole-Parmer) for analysis. Temperature-dependent SAXS
analyses employed a heated multicapillary array stage on which
samples were equilibrated at each temperature for at least 10 min
prior to X-ray exposure for 0.1—1 s. Two-dimensional SAXS patterns
were azimuthally integrated using the DataSqueeze software package
(http://www.physics.upenn.edu/~heiney/datasqueeze/index.html)
to obtain 1D-SAXS intensity I(q) versus q (A™") scattering profiles.

Lab source SAXS was conducted on a Bruker NANOSTAR
instrument equipped with a microfocus Cu Ka X-ray source. X-rays
were collimated using scatterless slits (Xenocs, France), and patterns
were collected on a HiStar2D multiwire gas detector (Bruker-
Siemens) calibrated with silver behenate to a 26 cm sample-to-
detector distance. Two-dimensional SAXS patterns were processed
into 1D-SAXS intensity profiles using Nika macros®' for Igor Pro.

SAXS intensity and associated form factor analyses for LLCs
formed by 1,, 1,9, and 1;; protonated with H,SO4(aq) employed the
core—shell—shell model in the Irena macro®" for Igor Pro. The neat
lipidoid densities used in these fits were determined by recording the
mass of 10 uL of lipidoid drawn up into a tared volumetric capillary
(Accu-Glass, Valencia, CA).

Le Bail Refinement of Synchrotron SAXS Data. The
JANA2006 software package®® was used to extract structure factor
intensities associated with each peak in a given SAXS pattern and to
determine the refined unit cell parameter.”> ° Application of the
charge-flipping algorithm implemented within the SUPERFLIP*®
software package to the extracted structure factor intensity data
enabled the reconstruction of 3D electron density maps for each
phase, which were visualized in the VESTA software environment.®”
Reported electron density maps represent averages of >50 separate
charge-flipping algorithm convergences with figures of merit fm < 10.

Molecular Dynamics (MD) Simulations. Atomistic MD
simulations of six-tail lipidoids were carried out in GROMACS
version 4.6.5.°° Force field parameters were largely based on the
GROMOS45a3 united atom force field® in which H atoms on the
aliphatic carbon tails are not treated explicitly, while H atoms on the
hydroxyl groups, HSO,™ ions, and the protonated amines of the
lipidoids are explicitly represented. Headgroup atom partial charges
were fitted using the CHARMM general force field (CGenEF)
program.”® The partial charges for HSO,” counterions were taken
from the work of Ishiyama and Morita,’" and the SPC model®* was
used for water molecules.

LLC self-assembly simulations at microsecond time scales were
carried out for 15 and 1, in 1 M H,SO,(aq) using the experimentally
determined lipidoid/counterion/water ratios. The phase behaviors of
1;p and 1;; in 1 M H,S0,(aq) were not simulated due to the
observed L,/I;; phase coexistence. For simulations of LLC unit cells
of 15 in 1 M H,SO,(aq), molecules were randomly placed in a cubic
box (see Table S1 for details) and equilibrated in the NPT ensemble
using the Berendsen barostat.”> To ensure adequate equilibration,
multiple sets of NVT simulations at T = 600 K with 100—500 ns
durations were conducted prior to NPT simulations at 1 atm and the
desired temperature. Following 60 ns of NPT equilibration, the self-
assembled structure with a cubic unit cell size of a = 3.24 nm was then
further relaxed in the NVT ensemble for 2 us. For the simulation of
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the L, phase of 1;, in 1 M H,SO,(aq), initial self-assembly studies
were performed in a cubic cell with an edge dimension of a = 2.9 nm
(details in Table S1). The resulting L,like structure was then
duplicated in the xy plane and equilibrated for 30 ns in the NPT
ensemble at 1 atm and the desired temperature. Semi-isotropic
pressure coupling was used to maintain the L, phase. NVT simulation
(500 ns) was then employed to obtain the final L, structure at 350 K
with a domain spacing of d = 2.69 nm, which is ~8% smaller than the
experimental value of 2.93 nm. Given unavoidable experimental LLC
composition analysis uncertainties, an LLC with a 6.7% lower
hydration level was prepared and simulated (Table S1). This system
remained stable during 2 ps of NPT simulation, and the obtained
lamellar spacing of d = 2.86 nm was in closer agreement with the
experimental value. Thus, the lower hydration system was used for
detailed structural analyses. Further details of the force field
parametrization and simulation conditions are given in the Supporting
Information.

B RESULTS AND DISCUSSION

Lipidoids were synthesized by an established one-step, ring-
opening reaction of tris(2-aminoethyl)amine (TREN) with
1,2-epoxynonane, 1,2-epoxydecane, 1,2-epoxyundecane or 1,2-
epoxydodecane to produce 1y, 1,4, 1;;, and 1;,, respectively
(Figure 1C).* While prior reports on amphiphiles with
polyamine headgroups and >3 tails have focused on their
dilute solution self-assembly behaviors,®*~%° investigations of
the LLC self-assembly of such lipids in concentrated solutions
have yet to be reported. Pure lipidoids display no propensity
for thermotropic liquid crystal self-assembly, and lipidoids
dispersed in pure H,O do not lyotropically self-assemble™” due
to a lack of incompatible chemical functionalities needed to
drive segregation and ordering. However, we reasoned that
protonation of the polybasic headgroup would drive
segregation of the water-solvated ionic headgroups from the
hydrophobic tails (Figure 1B) to induce self-assembly.

LLC Self-Assembly in Acidic Media. In a preliminary
study, we reported that protonating 1,, with 1 M H,S0,(aq)
induced its self-assembly into a cubic LLC morphology that
was tentatively assigned the space group symmetry P4,32
based on low-resolution SAXS data.”” In order to unequiv-
ocally identify this LLC morphology and to elucidate how
counterion identity guides lipidoid self-assembly, we system-
atically characterized LLCs formed by the protonation of 1, (n
= 9—12) by aqueous HCl(aq), HNO;(aq), and H;PO,(aq).
Aqueous acid concentrations were set so that the solution ionic
strength I = 6 M matched that of 1 M H,SO,(aq) used in our
earlier study. We refer to protonated lipidoid LLC samples
using the convention 1,-xA, where n is the number of carbons
in each tail and x denotes the acid A solution molarity, where
A = C(HCI), N(HNO,), P(H,PO,), and S(H,S0,). (See the
Experimental Section for sample preparation details.)

Acid solution treatment of the lipidoids yielded variable
results, ranging from the formation of viscous oils to stiff solids
that persist in excess solution, depending on the acid identity
and lipidoid tail length. We investigated the resulting materials
morphologies using synchrotron SAXS and WAXS. 1,-3C and
1,-3N exhibited numerous sharp WAXS and SAXS peaks
(Figures S1 and S2), which suggest significant molecular-level
crystallinity that we attribute to crystalline, protonated
lipidoids. However, the superposition of equally spaced
SAXS peaks in X-ray patterns for 1,-3N (n = 10—12) located
at (g/q*) = 1, 2,... (Figure S2) also implies the formation of
coexisting L, LLCs. Since surfactant crystallinity competes
significantly with LLC mesophase formation, we abandoned
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Figure 2. Temperature-dependent synchrotron SAXS data for LLCs: (A) 1,-1S, (B) 1,(-1S, (C) 1,;-1S, and (D) 1,,-1S formed by lipidoid
protonation in 1 M H,SO,(aq). Expected peak positions for L, (blue squares) and Ij; (red diamonds) phases are labeled, along with the
corresponding Miller indices. The broad scattering features observed in 15-1S and 1,(-1S at elevated temperatures are signatures of disordered

phases, which sometimes coexist with an ordered LLC.

detailed studies of 1,-#C and 1,-xN. Changing the protonation
medium to 0.5 M H;PO,(aq) with I = 6 M drives LLC
formation absent any signs of protonated lipidoid crystallinity,
given the featureless WAXS patterns for these samples (Figure
S3). SAXS analyses of 1,-0.5P (n = 10—12) reveal sharp
scattering maxima at (q/q*) = 1 and 2 (Figure S3) that are
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consistent with L, LLCs with domain spacings of d = 2.47—
2.91 nm, which monotonically increase with n. For 1,,-0.5P
and 1,,-0.5P LLCs, SAXS patterns also exhibit a broad
scattering feature superposed on the sharp SAXS peaks that
indicates phase coexistence with a disordered state. Note that
1,-3N and 14-0.5P apparently form only disorganized phases
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Figure 3. Synchrotron SAXS data obtained at 25 °C for lipidoids LLCs derived from (A) 1o, (B) 1,4, and (C) 1,; protonated with the labeled
H,S0,(aq) concentrations. Expected peak positions for L, (blue squares) and cubic (red diamonds) phases are marked with the associated Miller
indices. The broad scattering feature observed in all 1, samples arises from the two-phase coexistence of ordered and disordered states.

with a single correlation peak and no higher-order SAXS
maxima (Figures S2—S3). These results contrast starkly with
the rich LLC phase behaviors of lipidoids protonated with 1 M
H,SO,(aq), as evidenced by the complex temperature-
dependent SAXS patterns obtained for 1,-1S with n = 9—12
(Figure 2) and the absence of any WAXS peaks with g > 1.0
A~! (Figure S4). Consequently, we focused on understanding
the impact of the tail length, temperature, and acid
concentration on the phase behavior of 1,-xS samples.

Tail Length and Temperature-Dependent Self-As-
sembly of 1.-1S. SAXS patterns for 15-1S (Figure 2A)
exhibit Bragg peaks with scattering wavevector ratios of q/q* =
V2, V4, /6, /10, V12, /18, and 1/20 (¢* = 0.195 A™")
consistent with cubic space group symmetry. These scattering
maxima are consistent with the (110), (200), (211), (310),
(222), (411), and (420) reflections of a BCC structure (Im3m
symmetry) with lattice parameter a = 3.22 nm or the (100),
(110), (111), (210), (211), (300), and (310) reflections of a
simple cubic (SC) lattice (Pm3m symmetry) with a unit cell
dimension of a = 2.28 nm. In the absence of additional data,
we prefer the higher space group symmetry per crystallo-
graphic convention. Upon heating this sample to 40 °C, an
additional peak appears at g/q* = 4/8, consistent with the
(220) reflection of the putative BCC unit cell. We further
observe an order-to-disorder transition at 80 °C at which the
sharp Bragg peaks disappear, leaving a single, broad peak
corresponding to a disordered-state correlation length. The
observation of an inverse BCC LLC supports our hypothesis
that six-tail ammonium lipidoids exhibit biomimetic phase
behaviors, given that Reichelt et al. previously reported that
lipid A also self-assembles into an inverse BCC phase in
NaCl(aq).*” While the SAXS data resolution in this last report
is relatively low with only four observed SAXS peaks, the
higher-resolution data presented here furnish a higher degree
of confidence in the assigned inverse BCC phase (vide infra).
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In our earlier report, we had tentatively assigned the LLC
formed by 1,(-1S as a low-symmetry, cubic structure based on
low-resolution SAXS analyses.”” However, high-resolution
synchrotron SAXS patterns acquired from this sample at 25
°C (Figure 2B) indicate that the observed peaks do not
originate from a single LLC phase. The first scattering peak
located at g, * = 0.248 A™" and the peak at 2q; * correspond to
an L, phase with a domain spacing of d = 2.53 nm, which is
comparable to that of the 1,,-0.5P L, phase. An analysis of the
remaining peaks in this pattern reveals that they occur at g/q.*
= /3, /8, V11, /12, /16, and 1/24 (q.* = 0.156 A™) that
correspond to the (111), (220), (311), (222), (400), and
(422) reflections of a cubic structure with lattice constant a =
4.03 nm. On the basis of these SAXS peak positions, this phase
exhibits either Fm3m or Fd3m symmetry. Upon heating this
sample to 80 °C, the L, peaks diminish in intensity and
disappear, leaving behind only the face-centered lattice
scattering peaks at q/q.* = \/3, \/8, \/11, \/12, and \/16
(g% = 0.157 A™") with a broad underlying scattering feature at
~0.25 A™! of a disordered phase. This unusual L,/cubic two-
phase coexistence was confirmed by polarized optical
microscopy, wherein we observed a mixture of birefringent
(L,) and nonbirefringent (cubic) regions in 1,,-18 at 22 °C.
Note that heating 1,,-1S to 100 °C drives the melting of the
cubic LLC to yield a fully disordered fluid. SAXS patterns for
this ordered face-centered-cubic LLC strongly resemble the
lower-resolution data previously reported by Reichelt et al. for
lipid A assembled in NaCl(aq),”” including the notable
absence of a (200) reflection with g/g.* = /4. Again, these
data demonstrate the biomimetic self-assembly characteristics
of the 1, lipidoids.

Incrementing the lipidoid tail length as in 1,;-1S led to a
somewhat surprising change in the observed LLC morpholo-
gies. SAXS analysis of 1,;-18 at 22 °C revealed a series of sharp
and equally spaced Bragg peaks indicative of an L, phase with
an interlayer spacing of d = 2.74 nm, alongside a broad
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scattering maximum near ¢* and a sharp peak at a slightly
higher g value (Figure 2C). Upon heating this sample, the
intensity of the sharp peak increased concomitantly with the
appearance of >4 SAXS peaks that do not correspond to an L,
phase. This two-phase coexistence persists up to 100 °C, at
which the new peaks exhibit g/q.* = \/3, \/8, \/1 1, and \/12
(g.* = 0.151 A™") which again correspond to either Fm3m or
Fd3m cubic phases with a lattice constant of a = 4.16 nm. In
sharp contrast, 1,,-1S forms only L, LLCs with d = 2.93 nm
(¢ = 0.214 A™") at 25 °C (Figure 2D). These lamellae remain
thermally stable up to 100 °C, with a d spacing that decreases
slightly at higher temperatures, with no evidence of cubic
phase formation.

Thus, protonating the homologous lipidoid series 15—1;,
with 1 M H,SO,(aq) drives the phase progression of cubic —
cubic + L, = L, with increasing tail length and decreasing
temperature. In all cases, the samples recover their as-made
LLC morphologies on thermal cycling between 22 and 100 °C.
The last observation suggests equilibrium structure formation
under our lipidoid protonation protocol, including instances of
two-phase coexistence, which are thermodynamically antici-
pated by Gibbs” phase rule. However, the exact symmetry and
topology of the cubic LLC morphology coexisting with the
zero mean curvature L, LLC remained uncertain on the basis
of the SAXS data presented thus far. Curvature arguments lead
one to expect that the BCC and FCC mesophases are
polycontinuous networks since these negative Gaussian
curvature morphologies are typically found in adjacent regions
of phase space to zero-curvature L, phases. Since we
hypothesized that the polybasic tetra(amine) headgroup
could impart pH-dependent self-assembly behaviors similar
to that reported for bacterial lipid A,***”*"** we pursued this
avenue of investigation toward more conclusive assignments of
cubic LLC structures.

Acid-Strength-Dependent Self-Assembly of 1,-xS. To
understand the effects of solution pH on self-assembly,
lipidoids 1, were protonated in 0.1 and 3 M H,SO,(aq) for
comparison with the 1,-1S samples (Figure 3). 1,-0.1S yielded
a 25 °C SAXS pattern with scattering maxima at q/q* = \/2,
V4, /6, /10, /12, /16, 1/18, and 1/20 (g* = 0.195 A7),
which correspond to the (110), (200), (211), (310), (222),
(400), (411), and (420) reflections of a BCC structure with a
322 nm, the same lattice parameter found for 1,-18S.
However, the low-intensity peak at g = 0.266 A™' suggests the
formation of a small amount of L, LLC with a spacing of d =
2.36 nm. This last assignment is tentative given the absence of
higher-order lamellar SAXS peaks. At the highest acid
concentration, 1,-3S exhibits SAXS peaks at q/g.* = \/ 2,
V6, V/8, /10, /12, \/14, 1/16, and /18, consistent with
the (110), (211), (220), (310), (222), (321), (400), (411),
and (420) reflections of a BCC unit cell with a = 2.91 nm (top
trace in Figure 3A). The notable presence of the (321) peak
enables the unequivocal assignment of this phase as a BCC
structure with Im3m symmetry because this peak is forbidden
in the aforementioned Pm3m symmetry. Note that the (200)
peak is not observed in this SAXS pattern, likely because of
form factor scattering extinction due to the specific sizes of the
hydrophilic and hydrophobic domains (vide infra). In each of
the 15-xS LLCs, a broad scattering feature is observed under
the sharp Bragg peaks that indicates the coexistence of ordered
LLCs with disordered states. 1,,-0.1S and 1,;-0.1S form L,
phases with respective interlayer spacings of d = 2.57 and 2.76
nm (Figure 3B,C), consistent with values obtained on their
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protonation with 1 M H,SO,(aq). Protonation with 3 M
H,S0,(aq) as in 1,4-3S and 1,,-3S again drives the formation
of L,/cubic phase coexistence with cubic lattice parameters
similar to those of 1,4-1S, and 1,;-1S at elevated temperatures.
While the conspicuous absence of the (200) peak suggests that
the latter patterns conform to the Fd3m space group per the
work of Reichelt et al.,** the (600) reflection is not allowed by
this space group symmetry. Thus, observation of the (600)
reflection in the SAXS pattern of 1,,-3S unequivocally
demonstrates that the cubic phase that coexists with L, has
Fm3m symmetry. Finally, we observed primarily L, LLCs for
1,, at all studied acid concentrations (data not shown). In
summary, the overall propensity for inverse BCC or FCC
phase formation increases with increasing H,SO, concen-
tration at the expense of the L, phases on protonating 1, with
n=9-11.

Structure Determination by Electron Density Recon-
struction. Given the unusual nature of the Fm3m/L, LLC
two-phase coexistence observed in 1,,-1S and 1;;-3S, we
sought to elucidate the structures of the cubic LLCs by
reconstructing electron density maps for each of these phases.
We specifically aimed to assess whether the BCC and FCC
structures were discontinuous micellar or polycontinuous
network phases, the latter of which exhibit negative Gaussian
curvatures at mean curvatures close to zero that may coexist
with L,. We note that Reichelt et al. previously obtained a
SAXS pattern from a lipid A LLC that closely resembles the
one for 1,-1S. While these authors assigned this phase to
inverse BCC micelle packing, they presented scant evidence for
the discontinuous micellar nature of this LLC.** In order to
resolve this quandary, we selected SAXS patterns from 15-xS (x
=0.1,1,and 3) and 1,-xS (n = 10 or 11, x = 1 or 3) with the
largest number of SAXS peaks for detailed analysis.

Using the JANA2006 crystallographic computing software,””
we performed a Le Bail refinement of the SAXS pattern for 1y
1S at 25 °C after thermal cycling above 40 °C to extract X-ray
structure factor intensities associated with the sharp peaks at
(9/9%)* =2, 4, 6, 8, 10, 12, 18, 20, and 24 (Figure SS5). Given
the structural homology of this LLC phase to that obtained
from 1,-3S that unambiguously exhibits BCC symmetry, we
used the Im3m symmetry to obtain a refined lattice parameter
of a = 3.24 nm. Application of the charge-flipping algorithm
implemented in the SUPERFLIP software package™® to these
structure factor intensities enabled reconstruction of an
electron density map for this phase (Figure 4A). This map
shows that 1,-1S comprises a BCC packing of discontinuous

Figure 4. Electron density maps (90% isosurfaces) for (A) the inverse
BCC phase (Im3m symmetry) formed by 1,-1S at 25 °C with a lattice
parameter of a = 3.22 nm and (B) the inverse FCC phase (Fm3m
symmetry) formed by 1,;-3S at 25 °C, in each of which the green
spheres with orange cores represent water-rich nanodomains. (C)
Snapshot of the BCC structure obtained from a bias-free MD
simulation for 1,-1S, in which blue and pink spheres represent the
atoms in water molecules and the polyamine headgroups within S A
of the BCC lattice sites and the cyan lines represent the lipidoid tails.
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spherical micelles of identical volumes. Given the persistence
of 15-1S LLCs in excess acid solution, we conclude that this
phase is an inverse LLC in which isolated acidic water
nanopools are ordered in a hydrophobic matrix. To the best of
our knowledge, this phase represents the first definitive report
of an inverse micellar BCC LLC in any small-molecule
surfactant.

In our initial attempts to reconstruct an electron density
map for the FCC structure, we used the SAXS pattern for the
pure phase observed in 1,(-1S at 80 °C that does not exhibit
L, coexistence (Figure 2B). However, this approach was
fraught with problems since this pattern exhibits only five
SAXS peaks along with interference from a broad feature of a
disordered phase. Consequently, we conducted a Le Bail
refinement of the SAXS pattern for 1,;-3S at 25 °C in Figure
3C with Fm3m symmetry, from which we omitted the L, peaks
to obtain the desired structure factor intensities with a refined
lattice constant of a = 4.22 nm (Figure S6). The electron
density map obtained by application of the SUPERFLIP
charge-flipping algorithm to these Fourier amplitudes reveals
an FCC micelle packing (Figure 4B). The persistence of this
LLC in excess acidic water again implies the formation of an
inverse FCC phase. The first example of such a phase was only
recently reported by Mezzenga and co-workers.””® Thus, the
FCC phases of 1,,-3S and 1,,-1S comprising acidic water
nanopools ordered in a hydrophobic matrix represent only the
second such example of this supramolecular structure in
aqueous LLCs.

We note that a structurally related, inverse hexagonally
closest-packed (HCP) LLC with a high degree of long-range
translational order was previously reported by Shearman et al.
in binary lipid mixtures under large hydrostatic pressures.’”
This HCP phase exhibits alternating ABABAB... packing of
hexagonally closest-packed A and B layers of spherical micelles,
whereas the FCC phase reported here exhibits ABCABC...
close-packed micelle layer stacking. Thus, the FCC and HCP
phases are related by stacking faults.”” The fact that we find an
inverse FCC structure with no stray SAXS peaks is striking, in
view of recent results by Jayaraman et al.”' who observed a
defect-ridden normal FCC phase with stacking faults
corresponding to local HCP-like order in a nonionic surfactant
LLC. It is currently unclear what the underlying driving force is
for the preferential formation of FCC versus HCP phases in
lipidic LLCs given their crystallographic relationship through
martensitic shear transformations recently described by Lee
and co-workers.”” Nonetheless, the multitail lipidoid structure
apparently stabilizes inverse micellar cubic LLCs inaccessible
in simpler lipid—water mixtures.

The SAXS data for the inverse micellar Fm3m (FCC) phase
in all cases exhibits a (200) reflection extinction, which we
attribute to a form factor extinction due to the specific micelle
dimensions and electron density distributions therein. We
initially attempted to determine the micelle sizes by fitting the
total scattering intensity in the SAXS patterns for 1,,-1S and
1,,-3S using simple spherical form factor models. However,
these attempts failed, as realistic micelle radii did not produce
the expected form factor minimum near the (200) reflection.
We subsequently fit these scattering data using a core—shell—
shell model implemented within the Irena’" software package.
In this approach, we modeled the micelles as consisting of a
mixed core of H,SO,/water surrounded by two concentric
shells (Figure S7A). The shells consisted of the protonated
tetra(amine) headgroup and associated sulfate counterions
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(shell 1) and the partially water-solvated hydroxyl groups
adjacent to the headgroup (shell 2), which are surrounded by
the background “solvent” of hydrophobic tails. Scattering-
length densities for the core (SLD,.), shell 1 (SLDg;), and
shell 2 (SLDg,) were calculated using the electron density
contrast calculator in Irena. Since the volumetric mass densities
of the different regions were unknown, we set physically
realistic upper and lower bounds for each quantity as follows.
SLD_,,. was modulated between the values for pure H,SO, and
pure H,O, namely, (9.4—15.9) X 107 em™. SLDg;, was
calculated to be in the range of (6.8—10.4) X 107'® cm™ for
the N,H,SO, headgroups, assuming a density of 1.0 + 0.2 g/
cm®. Finally, SLDg, was estimated from the value of 7.67 X
107" cm™ for ethanol due to the f-hydroxyl near each amine
headgroup, while the hydrophobic tail “solvent” background
was treated as having the SLD of n-decane (7.14 X 107"
cm™?). Using these bounded values as fitting parameters, we
obtained the optimized SLD values required to obtain a (200)
form factor extinction as presented in Figure S7B. The position
of the form factor minima for these particles is sensitive to the
core and shell radii as well as the scattering-length density of
each layer. These fits suggest that the radius of the H,O-rich
core of the FCC micelles is Ry, = 2.2 A, with a headgroup
shell thickness of Rg; = 5.3 A. This small core radius with
respect to the 4.22 nm unit cell parameter concurs with the
apparently small size of the reverse micelles in the electron
density map (90% isosurface) presented in Figure 4B and is
consistent with the very low headgroup hydration measured by
composition analysis (vide infra).

In the case of the 14-3S that forms a smaller BCC unit cell,
we used the same core—shell—shell form factor model with the
same SLD_,.. Fine-tuning shell 1 and shell 2 SLDs and
thicknesses led us to deduce an H,O-rich micelle core with
R = 2.4 A (Figure S7C) and a counterion-headgroup shell 1
thickness of Rg; = 5.2 A. The values of SLDg; and SLDj, both
had to be increased slightly compared to the previous case in
order to render either the (200) or (321) peaks of the BCC
scattering pattern extinct in 14-3S and 14-1S, respectively. The
internal consistency in the SLD values (within ~10%) that
yield good fits of the FCC and BCC micellar LLC SAXS
patterns further supports their validity. Additional evidence for
this model is derived from the fact that 1,4-1S prepared in the
presence of n-dodecane exhibits a swollen FCC unit cell
parameter, which drives the appearance of the (200) peak.
(See the Experimental Section for sample preparation; SAXS
data is given in Figure S8.) In other words, addition of
dodecane shifts the position of the (200) peak with respect to
the core—shell—shell form factor and leads to its observation
by SAXS.

Composition Analyses of Lipidoid LLCs. The above
findings provoke the question of how a single, highly
hydrophobic molecule with a protonated tetra(amine) head-
group could simultaneously adopt the negative mean curvature
required to form a micellar cubic phase and the zero mean
curvature required for L, phase coexistence. To resolve this
issue, we sought to determine the extent of amine headgroup
protonation in these samples. A combination of gravimetric
and elemental analyses was performed on 1y, 1,4, and 1,, LLCs
protonated with aqueous HNO;, H,SO,, and H;PO, solutions.
(See the Experimental Section for details.)

Detailed composition analyses demonstrate apparent differ-
ences in the protonation states of lipidoids 1, in the presence
of different acids (Table 2). 1,,-1S exhibited a molar ratio
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Table 2. Composition Analyses for Variously Protonated Lipidoid LLCs

sample morphology” [counterion]/[lipidoid]”
1,-0.18 L, + 1y 1.8
1,-18 I, + dis 2.0
1,3N dis + X 33
1,,-0.18 L, 17
1,18 L, + 1y 2.0
1,0-3N L, +X 2.8
1,,-0.5P L, + dis 3.0
1,18 L, 2.0

est. average protonation mols water/amphiphile®

3.6+ 9.5
4.0+ 6.3
3.3+ 4.2
3.4+ 11
4.0+ 9.3
2.8+ 25
3.0+ 11.6
4.0+ 13

“L, and I refer to lamellar and inverse micellar cubic liquid-crystal phases, respectively. “dis” is disordered, and “X” is crystalline. ®[Counterion]/
[1,] and average protonation state determined by elemental analysis of dried samples. “Determined gravimetrically.

[H,SO,]:[1,0] = 2:1, implying a quadruply protonated TREN
headgroup charge balanced by two SO,* anions. On the other
hand, we deduce that 1,,-IN exists in a nearly triply
protonated state with ~2.8 NO;™ anions per lipidoid. In 1,y
0.5P, elemental analysis indicates the presence of 3
monovalent H,PO,” anions charge-balancing a triply proto-
nated headgroup. This last observation is physically reasonable,
considering that 0.5 M H;PO,(aq) has pH ~ 1.26 and the
conjugate base would primarily exist in the monovalent
H,PO,” form.””’* The protonation state of 1, is also acid
concentration-dependent: 1;,-0.1S exhibits 1.7 SO,>” ions per
headgroup, implying that most of TREN headgroups exist in
the 3+ state, as compared to 1,,-1S. Note that the estimated
water contents of the pure L, LLCs (1;4-0.5P, 1,,-0.1S and
1,,-1S) were greater than that of the pure cubic phase formed
by 14-1S, with intermediate values measured for samples
exhibiting L,,/I;; phase coexistence (1,-0.1S and 1,,-1S).

Overall, these composition analyses reveal strong correla-
tions between the lipidoid protonation state, counterion
identity, degree of headgroup hydration, and the resulting
supramolecular morphology. Complete protonation is achieved
only with H,SO,, and only in fully protonated samples were
pure I, or L,/I;; LLC phase coexistence observed. The L,/I;
phase coexistence is remarkable, given that the mean interfacial
curvatures of these two phases differ dramatically. The flat
interfaces of lamellae are best satisfied by cylindrical
amphiphile shapes, while the negative curvature of inverse
micelles necessitates amphiphile adoption of a truncated
conical conformation.”®

Dichotomous Lipidoid Conformations in LLC Phases.
In order to gain deeper insights into the aqueous LLC self-
assembly behaviors of protonated lipidoids, we simulated the
pure, self-assembled phases of 15-18 and 1;,-18 using atomistic
molecular dynamics (MD) simulations. (See the Experimental
Section for details.) These simulations relied on the
experimentally derived unit cell dimensions, headgroup
protonation states, and estimated numbers of counterions
and water molecules given in Table 2. (See Table S1 for
simulation conditions.)

Bias-free MD simulation of 1,-1S using a cubic unit cell with
an edge dimension of 4 = 3.24 nm results in a self-assembled
micellar BCC structure (Figure 4C) that resembles the
electron density map for this phase (Figure 4A), in which
the tetra(amine) headgroups, H,SO,, and H,O are segregated
in the micelle cores of the BCC lattice. Bias-free assembly
simulations of 14-18 using the same chemical composition in a
smaller unit cell with edge dimension a 2.31 nm
corresponding to an SC structure yielded only a lamellae-like
structure. The unstable nature of the SC phase in the
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simulations concurs with our deduction that the cubic phase
is an inverse BCC LLC.

The bias-free self-assembled structure of 1,,-1S obtained by
atomistic MD simulations exhibits the expected alternating L,
layers of hydrophobic lipidoid tails and water with a repeat
spacing of d = 2.86 nm (Figure SA). This spacing agrees well
with the experimental d = 2.93 nm. An inspection of van der
Waals’ representations of individual lipidoids (depicted in red
in Figure SA) in the lamellae demonstrates that they adopt
chair-like (chain-extended) conformations in which hydro-
phobic tails of the same molecule span a single hydrophilic
domain to bridge two adjacent hydrophobic bilayers (Figure
SB). This molecular conformation differs significantly from the
conventional view of L, phase self-assembly, wherein the tails
of a single amphiphile all reside in the same hydrophobic layer
with an average tail orientation coincident with the interface
normal. Attempts to bias the MD simulations so that the tails
of each protonated 1,, lipidoid sit in the same hydrophobic
layer, by introducing an attractive interheadgroup interaction,
yield equilibrated L, phases with d = 3.35 nm (Figures SC and
S9; see the Supporting Information for simulation details).
This value is more than 0.4 nm (~13%) larger than the
experimental value, suggesting that such conformations are less
relevant.

The ability of 1, lipidoids to adopt the chain-extended
conformations depicted in Figure SA rationalizes the
unprecedented coexistence of zero-curvature L, LLCs with
the negative mean curvature inverse micellar FCC phase. If all
of the tails are situated on the same side of the headgroup, then
the tapered cone conformation drives self-assembly into an
inverse micellar structure (Figures 4C and 6). However, the
lipidoid can also adopt a chain-extended, chair-like con-
formation that enables supramolecular packing into a L, phase.
Weiss and co-workers previously implicated related extended-
chain conformations of tetra(alkyl)phosphonium salts to
explain their ability to robustly form smectic thermotropic
liquid crystals.”>” Subtle changes to the lipidoid structure and
environmental conditions evidently shift the equilibrium
between the L, and Ij; phases, from which we infer the factors
governing their molecular conformations.

Cubic phases are observed only for lipidoids protonated with
H,S0,(aq), when the fully protonated headgroup (4+) is
coordinated with two SO,*~ counterions. On the other hand,
protonation with HNO,(aq) and H;PO,(aq) furnishes only L,
phases with triply protonated headgroups. These behaviors
may be rationalized in terms of preferred protonated lipidoid
conformations that depend on the counterion sizes and
stoichiometries, the degrees of counterion-headgroup ion pair
dissociation, and counterion electrostatic correlations. In their
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Figure S. (A) Snapshot of the L, phase with d = 2.86 nm formed by
1,,-18 in a fully relaxed, bias-free MD simulation with a van der Waals
representation of a chain-extended lipidoid conformation (red). (B)
Schematic representation of the extended amphiphile conformations
within the lamellar phase observed in the bias-free simulation. (C)
Snapshot of an L, phase with d = 3.35 nm formed by 1,,-18 in an MD
simulation in which the tail atoms are relaxed but the hydrophilic
headgroup interactions have been initially modified with an attractive
interaction to bias the tails of each molecule to sit in a single layer, as
shown in the van der Waals representation (red).

studies of alkyltrimethylammonium surfactants, Liu and Warr
demonstrated that multivalent counterions bind more strongly
to the hydrophilic/hydrophobic interface due to their greater
ability to screen electrostatic repulsions between multiple
headgroups.””’*”” On this basis, divalent SO,>” ions are
expected to pair more tightly with the tertiary ammonium
headgroups as compared to monovalent H,PO,”, NO;~, and
CI” ions. In the case of the monovalent ions, the larger number
of counterions per protonated lipidoid headgroup exhibit
significant packing (steric) and electrostatic interactions. Thus,
the lipidoid relieves this combination of packing and
electrostatic strain by adopting an extended chain or chair-
like conformation to maximize counterion separation around
the protonated headgroup (Figure 6A). Thus, monovalent
counterions preferentially direct 1, lipidoids to form L, phases
in which the tails bridge adjacent hydrophobic domains. On
the other hand, tighter ion pairing of fewer divalent SO,*~
anions with the protonated lipidoid headgroups more
effectively neutralizes their charges with reduced space-filling
constraints. Thus, the large hydrophobic volume of the lipidoid
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Figure 6. Schematic depiction of protonated lipidoid packings in (A)
L, phases wherein chain-extended conformations are driven by triply
protonated headgroups (on average), more dissociated, monovalent
counterions, and longer lipidoid alkyl tail lengths and (B) I; LLCs,
wherein tetra-protonated ammonium headgroups (on average) with
more closely associated divalent counterions enable the formation of
an inverse conical conformation in lipidoids with shorter alkyl tail
lengths, especially at elevated temperatures and high acid concen-
trations.

tails drives their supramolecular packing into the tighter
interfacial curvature aggregates of inverse spherical micelles
(Figure 6B).

The lipidoid tail length is another key structural feature that
dictates the observed supramolecular morphology: in the
homologous series 1y-1S, 1,,-1S, and 1,,-1S, a progression
from BCC — FCC/L, coexistence — L, was observed with
increasing tail length when the headgroups were fully
protonated (Table 2). These results suggest that longer
aliphatic tails (i.e, n > 10) prefer to adopt the chair-like
conformation, which may be rationalized in terms of two
different phenomena. Adoption of an inverse cubic micellar
structure incurs tail packing frustration’®”” whereby the tails
must stretch to fill space at constant density in a lattice where
the micelle interfaces are not equidistant. This tail packing
frustration is relieved by adopting a chair-like conformation
that drives a lamellar packing, in which variations in lipid tail
packing are minimized. Additionally, there is a configurational
entropy gain associated with the latter conformation in which
the headgroup spans the hydrophilic layer and allows tail
anchoring in adjacent hydrophobic domains. Quantitation of
the configurational entropy of 1,,-1S in bias-free L, MD
simulations supports this hypothesis (Figure S10). The fully
relaxed L, phase (Figure SA) exhibits a — TAS term that is 5.6
kJ/mol/tail lower than for the structure in which the tails are
forced to sit in a single hydrophobic domain (Figure SC).
Assuming that this entropic contribution to the free energy
scales with tail length, short-tail lipidoids likely incur a lower
entropy penalty on forming a conical conformation with a fully
protonated headgroup, which contributes to their ability to
form inverse micellar cubic phases.

A subtle interplay among counterion stoichiometry,
hydrated size, and level of dissociation as well as the

hydrophobic tail length evidently directs the preferred lipidoid
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molecular conformations that drive supramolecular self-
assembled phase selection. At first glance, the phase behavior
appears to contradict conventional wisdom relating amphiphile
shape to self-assembly.”® One might have expected the larger
hydrophobic volume occupied by longer aliphatic tails to favor
the formation of inverse phases (H; or I;) over L,
Furthermore, the coexistence of phases with highly negative
interfacial curvatures (I;) and zero mean curvature (L,) is
unprecedented on the basis of the expected differences in
molecular packing. However, protonated multitail lipidoids
exhibit delicate conformational equilibria (Figure 6) that
enable rare and unexpected phases to form and to coexist.

B CONCLUSIONS

We demonstrated that the aqueous lyotropic self-assembly
behaviors of a homologous series of six-tail lipidoids (1,)
sensitively depend on the identity of the acid used to protonate
their tetra(amine) headgroups. While protonation in HCl(aq),
HNOj;(aq), and H;PO,(aq) led to crystalline surfactants that
in some cases coexist with lyotropic lamellar phases,
protonation by H,SO,(aq) promoted self-assembly into
cubic I; LLCs. Specifically, we unambiguously identified a
rare inverse micellar BCC packing (Im3m symmetry), in
addition to only the second example of an inverse micellar
FCC phase (Fm3m symmetry). Notably, the FCC phase often
coexists with an L, phase. Microsecond-scale, atomistic MD
simulations demonstrate that this unexpected coexistence of
phases with dramatically different mean interfacial curvatures is
enabled by the ability of these multitail amphiphiles to adopt
two distinct conformations. In general, fully protonated tertiary
ammonium headgroups closely coordinate two divalent SO,*~
counterions and self-assemble into inverse discontinuous cubic
phases in shorter tail lipidoids, while triply protonated
headgroups with monovalent counterions and/or longer
hydrophobic tails favor L, phases. LLC materials derived
from these bioinspired amphiphiles mimic several features of
bacterial lipid A, especially their propensity to self-assemble
into lamellar and inverse cubic LLCs in an environment-
dependent manner. We anticipate that this fundamental study
will lead to future applications of these synthetically accessible
lipidoids as bulk, thin film, and particle-based responsive LLCs.
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