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Shuailin Zhang, Tianbo Liu, and Stephen Z. D. Cheng*

Abstract: How biomembranes are self-organized to perform
their functions remains a pivotal issue in biological and
chemical science. Understanding the self-assembly principles
of lipid-like molecules hence becomes crucial. Herein, we
report the mesostructural evolution of amphiphilic sphere-rod
conjugates (giant lipids), and study the roles of geometric
parameters (head—tail ratio and cross-sectional area) during
this course. As a prototype system, giant lipids resemble natural
lipidic molecules by capturing their essential features. The self-
assembly behavior of two categories of giant lipids (I-shape
and T-shape, a total of 8 molecules) is demonstrated. A rich
variety of mesostructures is constructed in solution state and
their molecular packing models are rationally understood.
Giant lipids recast the phase behavior of natural lipids to
a certain degree and the abundant self-assembled morpholo-
gies reveal distinct physiochemical behaviors when geometric
parameters deviate from natural analogues.

Introduction

For decades, researchers have made great efforts to
replicate, modify, and improve the properties and functions
of living biological membranes.!'l One significant advance is
adopting the “scale-up” strategies by using magnified ana-
logues of natural lipids to generate liposome-like nano-
structures (Figure 1a). The increased membrane thickness
endows better impermeability,”) mechanical strength,”! feasi-
bility for chemical modification,* and ability to incorporate
pore-forming proteins.”! In this regard, amphiphilic block
copolymers,® Janus dendrimers,®™"! giant surfactants,”® pro-
teins,” colloidal particles,"”! and others"! have revolutionized
fundamental understanding of the scope and limitations of
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molecular architecture while self-assembling.'” These advan-
ces further fuel countless innovations in smart nano-carri-
ers,”¥ in vivo imaging vehicles,™ or artificial organelles.!
Though chosen by nature, lipid-type geometry itself, with one
head and two extended tails, has rarely been studied in
a magnified size, which necessitates the design and inves-
tigation of a prototype system.

When one designs a structurally magnified analogue of
natural lipids and studies their self-assembly, three essential
issues need to be considered: head-tail configuration, molec-
ular weight distribution, and chain interpenetration (Fig-
ure 1b). A hydrophilic head tethered by hydrophobic tails is
an essential feature of natural lipids. Considering the low
degree of freedom, modelling natural lipids as shape-persis-
tent rod-like motifs has become a widely applied approach.['!
It is therefore imperative to render enlarged analogues with
relatively rigid conformation to better capture the head-tail
feature. Secondly, molecular weight distribution is associated
with the composition of molecules. Structural components of
biomembranes (like phospholipids or glycolipids) bear pre-
cise stereochemistry and monodispersed molecular mass,
which, however, are notoriously formidable to realize in block
copolymers. Thirdly, membrane-forming natural lipids are in
a liquid-crystalline state at room temperature.'”l Acyl chains
therefore are fully extended without other chain conforma-
tions and interpenetration, which is challenging for magnified
analogues, with flexible conformations, to mimic.'"¥ In our
previous work, we systematically explored the self-assembly
behaviors of giant surfactants composed of a hydrophilic head
tethered with hydrophobic polymer chains.!"”! Though head-
tail geometries were constructed and hydrophobic chains
were found to be rather stretched when forming micelles, it is
of significant interest to establish a prototype of giant lipids
with tunable topologies, rigid chain conformations, monodis-
persed molecular weights and stereochemistry.

Our major focus is on the physiochemical principles when
lipids are magnified to “giant lipids”. To this end, we magnify
the scale of natural lipids while retaining their topological
features. We simplify a lipidic molecule as one spherical
hydrophilic head tethered by two rod-like hydrophobic tails,
and reconstruct the sphere-rod geometry following this
blueprint. The “molecular lego” approach, which emphasizes
topologically precise synthesis and assembly, becomes a pow-
erful tool to achieve this goal.””! Among the geometric motifs
developed by our group® and others,“?? we choose hydro-
philic Cy, derivatives as a head and hydrophobic conjugated
oligomers as tails to build giant lipids. Two geometric
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Figure 1. a) Reported “scale-up” strategies to construct liposome-like nanostructures. b) lllustration of shape-mimicking giant lipids and their
molecular structures. Chemical structures and models of the linear I-shape series and branched T-shape series are illustrated. DCg: blue spheres,
OF: cyan rods. (Due to the hydrophilic nature of triazole rings and ester groups,”! we attribute the soft linkers to the spherical DCq, part.)

parameters that fundamentally dictate self-assembly, includ-
ing the ratio of the length of head and tail (referred to as
head-tail ratio) and the lateral area of hydrophobic tails
facing towards the hydrophilic head (referred to as cross-
sectional area), are precisely manipulated during this course
(Supporting Information, Discussion 1.1). To investigate the
underlying physiochemical rules over a broader range, the
values of geometric parameters tested span from the naturally
occurred lipids to those inaccessible to living cells or
organelles (Supporting Information, Table S1). More impor-
tantly, they fully address the aforementioned three issues
through their rod-like shape with less variable conformations,
precise but tunable chemical structures, and liquid-crystalline
behavior with minor chain interpenetration.
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Results and Discussion
Molecular Design

In our previous work, we demonstrated the synthesis,
solid-state phase behaviors, and semiconducting properties of
sphere-rod conjugates.’ In this contribution, we focus on the
solution self-assemly behaviors of sphere-rod conjugates,
which are referred to as giant lipids. They bear one head of
hydroxyl-functionalized C4, (DCq) and two tails of oligo-
fluorene (OF) rods. Both subunits are shape-persistent (DCg,
is essentially a spherical motif and OF could be regarded as
a rigid rod) and the amphiphilicity endows sufficient incom-
patibility in the following self-assembly stage. Giant lipids in
this study are divided into two categories based on the
tethering point between DCy, and OF tails (referred to as I- or
T-shape, respectively, Figure 1b). In the I-shape series, the
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tethering point is placed at the terminus of the OF tails
(Figure 1b, DC,-21OF,), while in the T-shape series, it is
located at the midpoint of the OF tails (Figure 1b, DCg-
2TOF,). With the same number of fluorenes (n,), the I-shape
and T-shape giant lipids possess an identical composition but
distinct molecular topologies, and they are thus regarded as
topological isomers. Furthermore, the fluorene number can
be tuned to afford various OF tail lengths, which, together
with the changeable molecular topology, enables the precise
manipulation of the aforementioned head-tail ratio and
cross-sectional area. In our study, I-shape and T-shape
molecules are specifically designed to evaluate the geometric
effects in linear and branched lipids, respectively, for their
pivotal roles in building biomembranes.

Self-Assembly Behavior of the I-Shape Series

I-shape molecules are designed with variant head-tail
ratios to mimic the linear lipids with varying length of
hydrocarbon tails. We first investigated the self-assembly
behavior of giant lipids with short tail lengths (DCg-210OF,
and DCy,-2IOF,). Air-dried samples from prepared solutions
(sample preparation is described in the Experimental Section
in the Supporting Information) were examined by bright-field
transmission electron microscopy (TEM), and typical vesic-
ular morphologies were observed for DCy-2IOF, (Fig-
ure 2a). A round-shaped morphology with homogeneous
electron density was observed for DCg-210F, (Figure 2b).
Gray value analysis of merged edges reveals a four-layered
structure in agreement with a vesicular instead of coin-type

W (d) i

Figure 2. Bright-field TEM images of a) DCgy-2IOF,, b) DCq¢-21OF,,
c) DCgy-210F¢, and d) DCy-2I0OF,. Upper-right insets are the corre-
sponding molecular models, whose head-tail ratios are estimated
based on the calculation (Supporting Information, Table ST). Scale
bar: 200 nm (a—d). DCq: blue spheres, OF: cyan rods.
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structure (Supporting Information, Figure S1c,d).®™ Cryo-
TEM of DC4-2I0F, indicates the non-spherical shape and
wrinkled surface texture (Supporting Information, Fig-
ure S2), which rules out the existence of multi-layered
“onion” vesicles.”! The vesicular structures of DCy-210OF,
and DC-210F, were further verified by CONTIN analysis of
dynamic light scattering (DLS) measurements (Figure 3a and
Supporting Information, Figure S3a). The hydrodynamic
radius (R;,) of assemblies for DCg,-2IOF, (96 nm, Figure 3a)
at all scattering angles agrees with the vesicle size observed by
TEM imaging (Figure 2b, approximately 200 nm in average
diameter). Such angular independence characteristics tally
with the isotropic vesicular morphology, otherwise morpho-
logical anisotropy in solution would give variant R, at
different scattering angles.”! When the tail length of giant
lipids is increased to DCy-2I0F, and DCg,-210Fg, two-
dimensional (2D) nanosheets with a flat surface were
observed (Figure 2¢,d). Self-assembly at a slower rate sug-
gests that the 2D nanosheet is the thermodynamically favored
morphology for DCy-2I0OF; (Supporting Information, Fig-
ure S4c and Discussion 1.2). In contrast to vesicles, the R,
values of 2D nanosheets vary with scattering angles (Fig-
ure 3a and Supporting Information, Figure S3b), which is
consistent with scattering feature of anisotropic assembled
structures in solution.””!

To understand the packing mode at the molecular level,
we performed atomic force microscopy (AFM) to measure
the thicknesses of assemblies. AFM images reveal dispersed
vesicles and 2D nanosheets with uniform thicknesses for
DC4-210F, and DC¢-210F,, (Figure 3b,c), respectively, in
good agreement with our TEM observations (Figure 2¢ and
Supporting Information, Figure S1a). After solvent evapora-
tion, the vesicles of DCq4,-2IOF, are expected to collapse and
the thickness of these vesicles is 21.1 nm according to the
AFM height profile (Figure 3d, top). Scale measurement of
zoom-in TEM images gives a very close thickness of 22.2 nm
(Supporting Information, Figure S1b). Two-staged packing
with doubled thickness at the boundary of the dried assembly
was also measured for further verification (Supporting
Information, Figure S5a—c). Considering the diameter of
DCy, is about 1.3 nm (Supporting Information, Discus-
sion 1.3) and the simulated rod length of IOF, is 3.63 nm
(Supporting Information, Figure S6a), it is suggested that the
as-formed vesicles possess a double-layered molecular pack-
ing, as illustrated in inset iii of Figure 3e. On the other hand,
the thickness of 2D nanosheets is measured to be 7.9 nm,
which is approximately the thickness of two layers of DCy,
plus one layer of IOF; (rod length is 5.30 nm, Supporting
Information, Figure S6a). The stacked thickness of two layers
was also measured for further verification (Supporting
Information, Figure S5d-f). Thus, we speculate that the 2D
nanosheets are constructed by two DCy, layers on the top and
bottom with interdigitated rods sandwiched in between
(inset iv in Figure 3¢). AFM measurements suggest a similar
bilayered model for shorter-rod DCg-210F, (Supporting
Information, Figure S7a-c) and an interdigitated model for
longer-rod DCy;-210F; (Supporting Information, Figure S7d-
f). It is very interesting to note that the double-layered
molecular packing of vesicles is consistent with our previous
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Figure 3. Morphological characterization of I-shape giant lipids. a) DLS
profile of DCgy-2IOF, (dashed line) and DCy,-2I0F; (solid line). b) AFM
image of DCg-2IOF, in the height mode. c) AFM image of DCg\-21OF;
in the height mode. The upper-right inset is the amplitude image in
the selected area (outlined by a white dashed square). d) Height
profile of DCgy-2IOF, (top, red dashed line in panel (b) and DCgy-21OF;
(bottom, blue dashed line in panel (c). €) Morphological evolution
from vesicle to nanosheet. The insets i and ii indicate a curved,
bilayered packing model and a flat, interdigitated packing model,
respectively. Key parameters regarding the corresponding free energy
discussion are labeled. The insets iii and iv illustrate the detailed
molecular packing modes. Dashed squares outline the selected
regions of corresponding insets (DCq: blue spheres, OF: cyan rods).
Scale bar: 500 nm (b, c).

experimental observations in the bulk;® however, the

interdigitated molecular packing in 2D nanosheets was not
observed in the bulk.
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To further understand the origin of the diverse assembled
structures, we assess the morphological evolution from
a thermodynamic perspective by qualitatively incorporating
various contributions of free energy. Two major parameters
are associated with the transition from bilayered vesicles to
interdigitated nanosheets by changing the number of fluo-
renes (ny): 1) bending energy associated with the deforma-
tional penalty of an elastic membrane (F,.g inset i in
Figure 3e) and 2)interfacial energy originating from the
enhanced hydrophilic/hydrophobic effects between two im-
miscible components (Fj e, including all energetic terms in
inset i in Figure 3¢).”® On the basis of the Helfrich model,
for a spherical vesicle, F,,q is characterized as [Eq. (1)]:

Fbend = 8 (1)

where « is the bending modulus” From a mechanical
perspective, the spontaneous curvature produced during
vesicle formation is closely related with the bending modulus
k, which is expressed by x~h> (Supporting Information,
Discussion 1.4),” where # is the thickness of lamellae (inset i
in Figure 3 ¢e). Since hydrophobic tails stand perpendicular to
the lamellar plain, x increases with the length of OF, which
results in a higher F,.,4 and prevents the formation of curved
structure. Fi . race €an be broken down into three contributions
resulting from all interfacial areas involved [Eq. (2)]:

Fimerface = FSD + FDF + Fedge (2)

where Fgp, Fpp, and Fq,. are free energy contributed by the
dissociation of homogenous phase and creation of heteroge-
neous interfacial areas between solvent/DCg,, DC,/OF, and
OF/solvent, respectively (insetii in Figure 3¢).”!) To mini-
mize Fgp and Fpp the hydrophilic DCy, are forced to point
towards the polar solvents. To lower F.4,, a flat, layered
structure tends to bend and close up to minimize the edge
area where OF tails are fully exposed.”” Interfacial free
energy originating from two immiscible components (denoted
as a and b) can be estimated by F,;, = y,Su, = /A Sas» Where
% 1s the Flory-Huggins parameter, y,, is the interfacial
tension, and S,, is the interfacial area.’ Considering K edee
between OF and a poor solvent is estimated to be an order of
magnitude larger than ysp and ypg"™* where Jgge Zsp» and ypr
are the Flory-Huggins parameters originating from OF/
solvent, solvent/DCg,, and DC/OF interfaces, respectively,
F.4, is expected to have major contributions to Feiaces
compared with Fg, and Fpp Therefore, a delicate balance
between Fi,q and Fq,. determines the final self-assembling
morphologies.

In the I-shape series, when the tails are short (% is small in
DC-2IOF, and DCy-210F,), the Fy.,q is relatively low, and
Fierace Will dominate the assembled structure formation.
Thus, bilayered vesicles are formed to minimize F,g,.. With
the increase of OF rod length, F,., increases more signifi-
cantly than Fq,., as the former is associated with K2, while the
latter is linearly proportional to /1 (Seq, ~ h). As a result, Fy,q
becomes a dominating factor. To minimize Fy.4 the 2D
nanosheets without bending curvature are yielded for DCg-
210F, and DCy-2IOF;. Meanwhile, in order to lower F gy
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and further stabilize the 2D nanosheets, an interdigitated
molecular packing within 2D nanosheets is adapted. Though
the interdigitated molecular packing may increase Fsp and
Fpp, this free energy penalty can be compensated by the
decreased Fg,, given its dominating contribution in Figce-

Self-Assembly Behavior of the T-Shape Series

T-shape molecules are designed with varying cross-sec-
tional areas to mimic the branched lipids with varying number
of hydrocarbon tails. Despite the identical compositions, T-
shape giant lipids exhibit completely distinct self-assembly
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behaviors from their I-shape topological isomers. DCg-
2TOF, self-assembles into vesicles as revealed by TEM and
DLS (Figure 4a and Supporting Information, Figure S8a).
The AFM height profile suggests a bilayered molecular
packing in which the rod-part would tilt up towards DC,
(Figure 4¢). Increasing the tail length to DC4-2TOF, and
DCy-2TOF; results in the formation of colloid particles
(Figure 4b,c). As indicated by DLS, constant R, values verify
the isotropic features of self-assembled colloids (Supporting
Information, Figure S8b,c). After being stained with RuO,
vapor for 10 minutes, a zoom-in TEM image of colloidal
particles of DCq,-2TOF, exhibits both hexagonal and lamellar
patterns (Figure 4 f and Supporting Information, Figure S9 a—

Log /(a.u.)

0.07 0.14 021 028 0.35
q (A7)

1 coronal Molecular Packing 2 Coral Phase Separation

Figure 4. Morphological characterization of T-shape giant lipids. Bright-field TEM images of a) DCy-2TOF,, b) DC4-2TOF,, c) DC4-2TOF,, and
d) DC4-2TOF;. Upper-right insets are the corresponding molecular models, whose head—tail ratios are estimated based on the calculation
(Supporting Information, Table S1; DCq: blue spheres, OF: cyan rods). €) AFM image of DCg-2TOF, in the height mode (upper-left) and in the
amplitude mode (upper-right). The height profile (bottom) is denoted by a dashed line in Figure 4e. f) Zoom-in TEM image of a DC¢(-2TOF,
colloidal particle (stained with RuO,). The bottom-left inset is the magnified image of the selected region outlined by the dashed square. The
upper-right inset is the FFT pattern of the selected region. g) Zoom-in TEM image of a DCq,-2TOF, colloidal particle (stained with RuO,). h) 1D
small angle X-ray scattering pattern of DCq-2TOF,. Relative peak ratios g/q* (where the g* is the location of primary peak) are indicated with
arrows. The d-spacing corresponds to the primary peak is denoted as d;. See Discussion 1.5 in the Supporting Information for details. i) 3D model
of the detailed molecular packing in hexagonal columnar structure. The upper-right inset is the model for hexagonally arranged multiple-
concentric loops. Only hydrophilic domains are displayed for clarity (red dashed square outlines the part being magnified for the detailed
molecular packing). j) Internally structured colloidal morphology (red dashed square outlines the region corresponding to inset 1 and inset 2,
respectively). The middle inset 1 demonstrates the mismatching region on corona. The right inset 2 demonstrates the columnar packing in the
core. Scale bars, 200 nm (a, €), 100 nm (b—d, f), 50 nm (g), 20 nm (f, bottom-left inset).

www.angewandte.org

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2020, 59, 5226 —5234


http://www.angewandte.org

GDCh
~~

d). Fast Fourier transform (FFT) imaging (Fig-

Research Articles

Internati

Table 1: Summary of assembled structures and geometric parameters of giant

ure 4 f, upper-right inset) of a selected region further ~ lipids.
verifies the hexagonal features in reciprocal space.  Samples  Structure  Structure  M,or [kgmol & | [A]® V,/, " [nm%] P
Given the higher electron density of DCy, than OF (Solution) (Bulk)®
rods after being stained, the dark spots and gray DCy- Vesicle LAM 0.841 215 1.40 0792
matrix should be attributed to DC,, domains and  2|0F,
OF rods, respectively. Small angle X-ray scattering  DCg- Vesicle LAM 1.51 39.5 1.36 0.774
(SAXS, Supporting Information, Figure S10) gives  2I0F,
arelative peak ratio g/q* = 1377 (where the g*is DCyo- Nanosheet LAM 2.16 52.4 1.47 0.835
the location of primary peak), indicating a hexagonal 210F,

. . . DCqo- Nanosheet LAM 2.83 75.4 1.34 0.760
columnar inner structure (Supporting Information, 210F,
Discussion 1.5). Continuous tilting TEM further DCy Vesicle LAM 0.872 15.7 1.98 112
confirms the suggested structure by monitoring the  27OF,
angular variation in reciprocal space (Supporting  DCe- Colloidal HEX 1.54 12.2 4.46 2.53
Information, Figure S11, and Discussion 1.6). Inter- ~ 2TOF, Particle
nally structured colloids are also revealed in a zoom- ~ DCeo- C°”9ida| AlS 220 12.2 6.45 3.66
in .TEM image of DCGQ-ZT.OF6 after beir_lg stainF:d ZD-I;ZZFS (I_‘DcfllrgichZI BCC 236 122 3.40 476
(Figure 4g and Supporting Information, Fig- 2TOF, Particle

ure S9e-h). Features including a double truncated
conical shape and a hexagonal array of dark spots
with a lamellar central region are observed. Tilting
a colloid by 20° displays a key feature of spot-to-
matrix transformation in hexagonally arranged
multiple-concentric loops (Supporting Information,
Figure S12).°1 The SAXS profile with relative peak
ratio of 1:v/3:2:V/7:3 confirms this hexagonal columnar
structure (Figure 4h and Supporting Information, Discus-
sion 1.5). It should also be mentioned that, instead of forming
hollow channels (as in the case of hexagonally packed hollow
hoops™), the internal high-electron-density structures are
filled with DCg, due to the inner phase separation (Figure 41).
Self-assembly at a slower rate further suggests that an
internally structured colloid is the thermodynamically fa-
vored morphology for DC4-2TOF; (Supporting Information,
Figure S4b and Discussion 1.2). When the rod part is further
elongated to DCy-2TOF;, the self-assembled structures still
exhibit spherical colloidal morphologies (Figure 4d and
Supporting Information, Figure S8d), whereas its inner
ordered structures are hardly detected (Supporting Informa-
tion, Figures S13). We note that DC4,-2TOF, forms a hexag-
onally packed structure both in solution state and bulk state
(Table 1). However, for DCy-2TOFg, the observed hexagonal
structure in solution is different from the Frank-Kasper A15
phase in the bulk. This variation could be partly ascribed to
the hydration of DCy,, as suggested by diffusion-ordered
NMR spectroscopy (DOSY) analysis (Supporting Informa-
tion, Figure S14, Table S3, and Discussion 1.7), which in-
creases the volume fraction of hydrophilic DCy, and shifts the
mesostructure from a spherical phase to a columnar phase.”

In the T-shape series, colloidal morphologies were ob-
served when rods are elongated. Based on the calculation of
packing parameters (as discussed in the following section,
Table 1), longer tails (n,>2) hinder the close packing of
hydrophilic heads on corona, yielding a mismatching region
(Simismateh» inset 1 in Figure 4j) and highly unfavorable F,4, that
destabilizes the system. Such an effect has rarely been
observed in non-rigid block-copolymers.®! As a consequence,
the colloids prefer adopting a non-spherical morphology (as
the double truncated cones in DCq-2TOF,) to lower the Fi g

Angew. Chem. Int. Ed. 2020, 59, 5226 —5234
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[a] These data were reported in our previous work.? LAM, HEX, A15, and BCC
represent lamellar, hexagonal, Frank—Kasper A15, and body-centered cubic meso-
structures, respectively. [b] Entries 1-5 are estimated from AFM height profile;
Entries 6-8 are estimated from the short axis of OF tail (Supporting Information,
Discussion 1.3).

on the surface. Over the course of elongating the rod length,
the morphological evolution from vesicles to colloids (assum-
ing the two morphologies have identical surface curvature,
spherical volume, and coronal composition) could be qual-
itatively rationalized since the colloids significantly decrease
the F.q,. by lowering the average surface area accessible to
each molecules in assemblies and eliminating the inner
surface. Such compensation from Fy is sufficient to stabilize
the system based on our experimental observation even
though an extra energetic term (F,,,) should emerge from
both elastic free energy and entropic term of mixing two
incommensurate parts inside the core part.’”! This F,,,,, term
could be minimized by internal phase separation (inset 2 in
Figure 4j) under the boundary condition confined by colloidal
surface geometry and domain size of periodic structures,
which has been predicted and studied in other studies."

Geometric Effects in a Magnified Lipid-like System

The driving force of forming different assembled struc-
tures induced by I-shape and T-shape giant lipids can be
rationalized by the argument of their shape. From a geometric
aspect, packing parameter (P) of amphiphilic molecules is
characterized by [Eq. (3)]:*”

P = Vrlzil/ah (3)

where a,, is the equilibrium interfacial area of the hydrophilic
head, and V, and /, are the volume and length of hydrophobic
tails, respectively. The volume of two OF tails could be
calculated by V,=2 M /N ,p, where M, and are the molecular
weight and density of one OF tail, and N, is the Avogadro’s
number.
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Since the chemical structures of giant lipids are precisely
defined, we are able to quantitatively calculate the P values
for both series and summarize them in Table 1 (a detailed
calculation is presented in Discussion 1.3 in the Supporting
Information). When the value of P ranges from 0.5 to 1,
bilayered structures with spontaneous curvature (for exam-
ple, vesicles) are more favorable.”! In the I-shape series, the
P values of all giant lipids are in this range, consistent with our
experimental observations of vesicular morphologies for
DCy-210F, and DC,-2IOF, (Figure 2a,b). When the OF tail
gets longer, the formation of 2D nanosheets rather than
vesicles formed by DCy-2IOF; and DCg-2IOF; can be
attributed to the drastic increase in bending energy, as we
discuss above. For the T-shape series, P increases with the
elongation of OF tails. For DC¢,-2TOF,, though the value of P
slightly exceeds 1, the tilting-up conformation of OF tails
allows the maintenance of its vesicular structure. When the n;
increases to 4 and 6, P reaches 2.53 and 3.66, respectively. The
higher P necessitates higher curvature to settle the unmatch-
ed interfacial region as in the case of DCq,-2TOF, and DCy-
2TOF.

As a prototype study, I-shape and T-shape giant lipids are
designed to evaluate the effects of head—tail ratio and cross-
sectional area, respectively. In a comparable region of head—
tail ratio, giant lipids recast the phase behavior of their small
molecular analogues to a certain degree. Linear lipids form
bilayered vesicles without morphological variation, when the
carbon number varies from 10 to 24."! Theoretical inves-
tigation also supports that the chain length only influences the
vesicle radius.*”) With a similar head-tail ratio, giant lipids
form bilayered vesicles as well (natural lipid glucosylceramide
whose carbon number is 16 the closest head-tail ratio to that
of DCg-2IOF,, Supporting Information, Figure S15). Fur-
thermore, both lipidic and giant lipidic systems demonstrate
that membrane thickness is proportional to the number of
repeating tail units, indicating the presence of fully extended
tails. On the other hand, branched acyl chains with larger
cross-sectional area facilitate the formation of form inverted
phases.*!l' This non-bilayer propensity observed in small
molecules is also presented in T-shape giant lipids. Due to
the small feature size and weak contrast of electron density, it
is challenging to directly observe the inverted phase of lipids
by electron microscopy. In contrast, giant lipids provide
a versatile platform for exploring the aggregation mode of
these inverted phases. Moreover, compared with lipids, giant
lipids offer a wider window in tuning the head-tail ratio and
cross-sectional area, and thus present a rich variety of
assembling structures. Finally, benefiting from the systematic
study of sphere-coil giant surfactants (hydrophilic Cy, teth-
ered by two polystyrene tails, namely, AC,-2PS,),!"" it is of
significant importance to assess the impact of tail rigidity on
self-assembly. For AC,,-2PS,, bilayered vesicles were ob-
served independent of the tail length, whereas a phase
transition from vesicles to 2D nanosheets is observed for
DCq-2I0F, with increasing OF tail length. The morpholog-
ical variation between sphere-coil and sphere-rod can be
ascribed to a drastic increase in bending energy associated
with the higher rigidity of OF tails.
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Conclusion

We have demonstrated our prototype self-assembly study
of I-shape and T-shape giant lipids. They are specifically
designed to evaluate the effects of head-tail ratio and cross-
sectional area while assembling as in the case of linear and
branched natural lipids. Mandated by these two parameters, I-
shape giant lipids exhibit completely distinct self-assembly
behaviors from their T-shape topological isomers. With
increasing the OF tail length, a morphological variation from
bilayered vesicles to interdigitated 2D nanosheets is observed
in I-shape giant lipids, and regulated by a delicate balance of
edge energy and bending energy. The formation of colloidal
particles is prevalently observed in T-shape analogues due to
their mismatched cross-sectional area between hydrophilic
head and hydrophobic tails. Compared with the self-assembly
of natural lipids, they share common features in constructing
bilayered vesicles, while forming various morphologies when
geometric parameters are modified. Giant lipids, which
feature a head-tail configuration, monodispersed molecular
weight, and minor interpenetration of rod-like tails, not only
offer a prototype for understanding the self-assembly princi-
ples of natural lipids from a magnified dimension, but may
also be suitable building blocks to construct artificial organ-
elles that could mimic dynamic biological processes.
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