Chinese Chemical Letters 33 (2022) 1488-1492

journal homepage: www.elsevier.com/locate/cclet

Contents lists available at ScienceDirect

Chinese Chemical Letters

Chirality and chiral functional composites of bicontinuous cubic ®)

nanostructured cubosomes

Deyin Wang, Hongkai Liu, Wei Wang*

Check for
updates

Center for Synthetic Soft Materials, Key Laboratory of Functional Polymer Materials of Ministry of Education and Institute of Polymer Chemistry, College of

Chemistry, Nankai University, Tianjin 300071, China

ARTICLE INFO ABSTRACT

Article history:

Received 1 May 2021

Revised 7 August 2021
Accepted 8 August 2021
Available online 12 August 2021

Keywords:
Chirality
Self-assembly
Nanostructure

Composite chiral composites.

Molecular self-assembly is the most important strategy for the development of chiral aggregates and
chiral functional materials. In this study, we rationally designed and synthesized chiral fluorescent hete-
roclusters that were self-assembled into microscale cubosomes with a three-dimensional (3D) bicontinu-
ous cubic phase nanostructure. The cubosomes exhibited chirality, indicating that chirality is transferred
from the molecules to the 3D nanostructure. Therefore, we confirmed the formation of a chiral bicon-
tinuous cubic phase nanostructure for the first time. We also showed that this chirality originates from
the continuous change in the saddle-splay distortion of the molecules within the curved bilayer. At the
same time, transparent films of chiral composites were prepared by mixing the chiral cubosomes with an
epoxy resin and then curing the mixture. Therefore, we demonstrated an effective method for preparing

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lipids are biological molecules composed of a hydrophilic head
group and hydrophobic fatty acid tails. Their amphiphilic nature
allows them to self-assemble into nano-objects or nanostructures,
such as micelles, and vesicles, and complex three-dimensional (3D)
bicontinuous cubic networks through intermolecular noncovalent
interactions [1]. Experimental and theoretical studies [1—-8] on the
self-assembly principle of lipids provide guidance not only on the
formation of complex biological nanostructures, such as biopho-
tonic crystals with 3D cubic networks [9-12], but also on their ap-
plications in the fabrication of advanced materials with 3D cubic
nanostructures, such as artificial photonic crystals for metamateri-
als [13,14] and nanoporous particles [15,16] for catalyst supports
[17] and controlled drug release [18].

The self-assembly principle of lipids has been also used
to develop self-assembled systems with supramolecular chi-
rality [19-23] and supramolecular chiral functional materials
[24,25]. Through rational molecular design, chiral building blocks
self-assemble into quasi-one-dimensional supramolecular aggre-
gates, such as twisted or helical ribbons, and nanotubes. These
supramolecular aggregates usually exhibit left- or right-handed
superstructures, in which the molecules are persistently twisted
along the axis of the aggregate. In this way, the chirality of the
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molecules is transferred to the supramolecular chirality through
self-assembly.

Studies on the chirality of self-assembled systems with a 3D
bicontinuous cubic structures are extremely limited. Chiral bicon-
tinuous cubic structures were first observed in the lyotropic lig-
uid phase of two chiral lipids in water [26,27]. Recently, they
were found in thermotropic bicontinuous cubic phases of bolaam-
phiphiles and rod molecules [28-30]. This work aimed to further
study chirality of 3D bicontinuous cubic structures. In our previ-
ous studies, we designed and subsequently synthesized a series
of the dumbbell-shaped Janus heteroclusters composed of a poly-
oxometalate (POM) cluster, a polyhedral oligomeric silsesquioxane
(POSS), and different organic linkers [31—34]. These heteroclusters
then self-assembled into cubosomes with a bicontinuous double
diamond (DD) cubic nanostructure in solution [34]. In this study,
we inserted the L- and D-enantiomers of a chiral amino acid and
a fluorescent naphthalene dianhydride into the organic linkers of
the heteroclusters, which were then self-assembled them into cu-
bosomes. These cubosomes were confirmed to have the DD cubic
nanostructure by scanning and transmission electron microscopy
(SEM and TEM) and small-angle X-ray scattering (SAXS) analy-
sis. The chirality of the cubosomes were characterized by circu-
lar dichroism (CD) spectroscopy. We discussed the correlation be-
tween molecular chirality and the chirality of the DD cubic nanos-
tructure constructed by non-twisted or non-helical self-assembled
bilayers. In addition, chiral functional composites were also pre-
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Fig. 1. Chemical structures of (a) chiral heteroclusters in L- and p-forms and (b) an achiral heterocluster. The organic linkers between the polyoxometalate (POM) and
polyhedral oligomeric silsesquioxane (POSS) clusters are composed of 1,4,5,8-naphthalenetetracarboxylic dianhydride (NDI) and L- or D-phenylalanine or B-alanine.

pared by curing mixtures of chiral cubosomes and an epoxy
resin.

Fig. 1 shows the chemical structures of the heteroclus-
ters used in this study. The formulas and molecular weights
are (BuyN)gH3(P,W5V304,), 5422.2 Da for the POM cluster
and C31Hy7;Sig01,, 874.6 Da for 1-aminopropyl-3,5,7,9,11,13,15-
heptaisobutyl POSS. To endow them with molecular chirality, we
inserted a chiral unit, specifically, an enantiomer of the «-amino
acid, that is, L- and p-phenylalanine (L- and D-Phe) into the organic
linker. Concurrently, we added 1,4,5,8-naphthalenetetracarboxylic
dianhydride (NDI) as a light-absorbing group to the organic linker
for the detection of the chirality of the self-assembled cubosomes
by CD spectroscopy. The dumbbell-shaped enantiomers are desig-
nated as POSS-NDI-L-Phe-POM (or L-heterocluster) and POSS-NDI-
D-Phe-POM (or D-heterocluster), as shown in Fig. 1a. The specific
optical rotations of L- and D-heteroclusters are [Ot]%o +8.0° and
[oz]zD0 —8.0°, we also prepared an achiral heterocluster in which
phenylalanine is substituted by B-alanine, denoted as POSS-NDI-
Ala-POM (or Ala-heterocluster).

The general synthetic route for these molecules is the same as
that reported in our previous works [31] and the details are avail-
able in Supporting information. The experimentally determined
molecular weights of L-, D- and Ala-heteroclusters are 6743.10,
6743.19, and 6667.17 Da, respectively, which are the same as the
theoretical values (6743.14, 6743.14 and 6667.07 Da). The UV-vis
absorption spectra of the three heteroclusters in acetone solu-
tion show typical UV-vis absorption peaks at A = 345, 364 and
384 nm, and the fluorescence emission peaks at A = 402, 426
and 457 nm, which are the characteristic peaks of the NDI unit
(Fig. S1 in Supporting information). We also measured the UV-
vis absorption and fluorescence emission spectra of POSS-NDI-L-
Phe-COOH (Fig. S2 in Supporting information). The inserted ta-
ble lists the peak positions of the UV-vis absorption and fluores-
cence emission spectra of POSS-NDI-L-Phe-COOH and POSS-NDI-
L-Phe-POM. Clearly, the spectral differences between POSS-NDI-L-
Phe-COOH and POSS-NDI-L-Phe-POM are negligible.

To study the chirality of cubosomes with a bicontinuous DD
cubic nanostructure, we implemented the dynamic process used
in our previous study [34] for the self-assembly of these newly
synthesized heteroclusters. Here, we briefly introduce the self-
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assembly process. The POM and POSS clusters dissolve well in
acetone and n-decane, respectively. Therefore, the resulting het-
eroclusters possess a Janus nature and are well soluble in a 3:2
acetone/n-decane mixture (v/v) at room temperature. Because the
evaporation of acetone is ~80 times faster than that of n-decane
(Table S1 in Supporting information), the gradual evaporation of
acetone from the mixture increases the proportion of n-decane in
the mixture, which is a selective solvent for the POSS block. During
this process, the L-, D- and Ala-heteroclusters self-assemble into
cubosomes, which are referred to as L-, D- and Ala-cubosomes, re-
spectively, for convenience. Under the same condition, we also co-
assembled mixtures of the L- and D-heteroclusters with L/D ratios
of 25/75, 50/50, and 75/25 (mol/mol) into cubosomes. Hereafter,
these cubosomes are referred to as p/L-cubosomes.

To confirm that the heteroclusters form cubosomes with bicon-
tinuous DD cubic nanostructures, we characterized the cubosomes
using scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and small angle X-ray scattering (SAXS). We ob-
served similar results for all cubosomes formed by self-assembly
and co-assembly, as summarized in Figs. S3—S5 (Supporting infor-
mation). The SEM and TEM images for the L-cubosomes are shown
in Fig. 2. The SEM observation shows truncated octahedral cubo-
somes (Figs. 2a and b) with an average diameter of 1406 4 288 nm
(Figs. 2c). For the TEM characterization, we selected a cubosome
with a size less than 400 nm to view the internal nanostructure.
The TEM images in Figs. 2d and f exhibit the nanostructure of
the bicontinuous DD cubic phase viewed along the [111] and [100]
zone axes [34]. In the bright field mode, the dark regions are POM-
rich because the POM cluster contains 15 tungsten atoms, while
the bright regions are POSS-rich. The close-up images in Fig. 2e
and g and the corresponding fast Fourier transform patterns (in-
sets) reveal the symmetry and d-spacing of the two projections in
reciprocal space: the hexagonal symmetry of the white dots with
an observed lattice spacing of dy;; = 8.6 + 0.2 nm (Fig. 2d) and
the cubic symmetry of the white (or dark) dots with an observed
lattice spacing of digg = 7.8 £ 0.2 nm (Fig. 2f).

The SAXS characterization provides the critical evidence of the
identity of the inner nanostructure. Fig. 3a is the SAXS spectra
of the cubosomes within g = 0.2-2.0 nm~!, where q is the scat-
tering vector. We can identify one strong peak and two to three
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Fig. 2. (a) Low-magnification SEM image of the L-cubosomes. (b) Close-up SEM image of a truncated octahedral cubosome. (c) Size distribution of the L-cubosomes in A. (d)
to (g) TEM images of the L-cubosomes and close-up images viewed along the [111], and [100] zone axes of the double diamond structure. The insets are the corresponding

fast Fourier transform pattern.
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Fig. 3. (a) SAXS spectra of the L-, D-, Ala- and D/L-cubosomes (q is the scattering vector). (b) Linear relationship between qyq and (h? + k2 + 12)'/2 (qyq is the reciprocal
spacing of the cubic phase and h, k and [ are the Miller indices of the corresponding planes). (c) Skeletal drawing of a cubic unit cell with two sets of diamond nanostructures
differentiated by purple and sky-blue colors. Lattice constant a is indicated. For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.

weak peaks or shoulder peaks from the enlarged SAXS spectra (Fig.
S5). The ,/2:./3:,/4:/6 spacing ratio of these peaks index them
to the [110], [111], [200] and [211] reflections of the bicontinuous
DD cubic phase [34-36], indicating the space group of the bicon-
tinuous cubic phase is Pn3m. The reciprocal spacing gy, of the
cubic phase is associated with lattice constant a by the equation

Qni = 2w/ h% + k2 + 12/a, where h, k, and [ are the Miller indices.
The a values are 12.3, 11.6, and 13.1 nm, respectively, for L-, D-
and Ala-cuobsomes, as determined from the slopes of the regres-
sion lines passing through the origin (Fig. 3b). On the other hand,
a = 11.9, 12.5, and 11.2 nm for the D/L-cubosomes with molar ra-
tios of L/D = 25/75, 50/50 and 75/25 (mol/mol), respectively (Fig.
S5). Hence, we conclude that a DD nanostructure formes inside the
cubosomes, as shown in Fig. 3c. The drawing of the unit cell de-
picts the symmetry of the DD structure: 2 equiv. but independent
diamonds are constructed by the nodes and channels, which are
differentiated by purple and sky-blue colour [34,37].

We studied the chirality of the cubosomes by obtaining their
CD spectra of the n-decane suspensions with a concentration of
0.5 mg/mL. We examined the following suspensions: (1) L-, D-, and
Ala-cubosomes, (2) L/p-cubosomes with L/D ratios of 25/75, 50/50
and 75/25 (mol/mol), (3) mixtures of L-, b-, and Ala-cubosomes
with ratios of 25/75, 50/50 and 75/25 (mol/mol), which are re-
ferred to as L/D-, L/Ala-, and D/Ala-mixtures, respectively. We also
examined the molecular solution of L- and D-heteroclusters in ace-
tone and the n-decane suspensions of the L- and D-heterocluster
powders that were prepared by rapidly injecting their tetrahydro-
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Fig. 4. (a) CD spectra of the cubosomes self-assembled and co-assembled by the
heteroclusters and of mixtures of the cubosomes at different ratios in n-decane
(c = 0.5 mg/mL). The symbols “+”and “/” denote the co-assembly of L- and D-
heteroclusters and the mixture of the L- and D-cubosomes, respectively. (b) Linear
relationship between the CD intensity and chiral unit content.

furan solutions into the water. Fig. 4a shows the CD signals in the
wavelength range from 300 nm to 500 nm. First, the L- and D-
cubosomes exhibit Cotton effects in the 350-425 nm region, which
are typical of the CD spectra of self-assembled systems contain-
ing NDI units and are corresponding with the UV-vis absorption
bands of the cubosomes (Fig. S6 in Supporting information). The
two spectra are mirror images of each other and show the positive
and negative Cotton effects for the p- and L-cubosomes, respec-
tively. Second, depending on the ratio content of the chiral het-
eroclusters, the absolute intensities of the CD signals of the L/D-
cubosomes and the L/D, L/Ala- and D/Ala cubosome mixtures lin-



D. Wang, H. Liu and W. Wang

Chinese Chemical Letters 33 (2022) 1488-1492

d

2 000
R e
]

Mirror

|
I
I
|
I
|
I
|
|
|
|
|
|

Fig. 5. (a) Cubic unit cell of the double diamond structure described using a minimal surface. (b) Saddle surface of a hyperbolic paraboloid containing a saddle point (green)
and r; and r, as the two principal radii of the curvature. (c) Water channel with a radius (ry). (d) Suggested mirror arrangement of the chiral L- and D-heteroclusters in

bilayer with saddle-splay distortion following Bouligand’s drawing [42].

early decreases with increasing net ratio of 50/50 (Fig. 4b). We
did not observe the chiral enhancement [38] possibly due to the
larger diameters of POM and POSS in the heteroclusters resulting
in a large distance between NDI units. Third, the Ala-cubosome
suspensions in n-decane (Fig. 4a), the acetone solutions of the L-
or D-heteroclusters with the concentrations of ¢ = 0.1, 1.0, and
10.0 mg/mL (Fig. S7 in Supporting information), and the n-decane
suspensions of the L- and D-heterocluster powder (Fig. S8 in Sup-
porting information) do not show any CD signal in the same re-
gion. The CD spectra of L- and D-cubosomes with the concentra-
tions of 1.0, 0.5 and 0.25 mg/mL were also tested, and their inten-
sities changed with the concentrations (Fig. S9 in Supporting infor-
mation). Therefore, we conclude that the CD signals originate from
the chiral - and p-phenylalanine units within the ordered struc-
tures of the cubosomes. In other words, the molecular chirality of
L- and pD-phenylalanine is transferred to cubosomes through the bi-
continuous DD cubic structures; thus we consider these structures
as chiral bicontinuous DD cubic structures or chiral cubosomes. We
also carried out the linear dichroism (LD) studies of the resulting
chiral cubosomes. LD spectra of the chiral cubosomes monitored
under various angles did not show any obvious signals (Fig. S10 in
Supporting information). These observations indicate the supras-
tructure within the cubosomes plays a key role in the chirality
transfer from the molecular to the supramolecular level [39,40].

To the best of our knowledge, there are very few studies on
the bicontinuous cubic phases of chiral molecules. There is only
one structural study on the bicontinuous cubic phases of two chiral
lipids, dihexadecyl phosphatidylethanolamine and didodecyl phos-
phatidylethanolamine in water by SAXS [26,27]. Unfortunately, the
chirality was not directly determined by CD spectrometry, possibly
owing to the lack of UV-vis absorption moities in the two lipids.
Since then, no follow-up studies have been reported possibly be-
cause it is difficult to self-assemble the lipids with a covalently
connected chromophore unit into chiral bicontinuous cubic struc-
tures. Nevertheless, we believe that the bicontinuous cubic phases
are chiral. As mentioned earlier, chiral bicontinuous cubic phases
were recently found in thermotropic liquid crystal phases of some
rod-like compounds or bolaamphiphiles [28—30], and the temper-
ature dependent CD spectra were also determined from the ther-
motropic liquid crystal phases of two chiral compounds [28], How-
ever, the structures in these bicontinuous cubic phases are differ-
ent from those formed by lipid bilayers.

It is worth noting that through electron microscopy observa-
tion, supramolecular chirality of quasi-one-dimensional twisted or
helical ribbons and nanotubes is early identifiable, that is, left- or
right-handed helices or ribbons [19-21]. However, our SEM and
TEM observations show that there are no similar deformed bilay-
ers or structures on the surface, edge, and interior of the L- and D-
cubosomes (Fig. 2 and Fig. S11 in Supporting information). There-
fore, the chiral cubosomes do not have the appearance of the chiral
superstructure that characterizes left- or right-handed ribbons.
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Bicontinuous DD cubic structure is a unique network con-
structed by two independent nanochannels separated by a curved
bilayer. Fig. 5a is a triply periodic minimal surface structure show-
ing the lattice of a bicontinuous DD cubic phase. The purple and
sky-blue sides of the curved surface distinctly distinguish the two
continuous but nonintersecting channel networks. Fig. 5b schemat-
ically shows the curved surface with two curvatures ¢; = 1/r; and
Cy 1/rp, where ry and r, are the principal radii of the curva-
tures. The topological characteristic of the curved surface is that
every point is a saddle point with a negative Gaussian curvature
(K = c1c5 < 0) and zero mean curvature [H = (c; + ¢3)[2 = 0]
in which ¢; and ¢, are not constant changing from zero to the
maximum in a so-called water channel [3,41]. Radius, rw, of wa-
ter channel (Fig. 5¢) can be calculated according to the equation:

rw=0.391a -1 (1)

where a is the lattice constant, and [ is the length of the molecule
[38]. Taking L-cubosomes as an example, a = 12.3 nm, and
I = 3.5 nm, we obtain ry = 131 nm, thus the corresponding cur-
vatures are ¢; = —¢; = 0.76 nm~1.

The molecules in the bilayer at each saddle point suffer from
a saddle-splay distortion. According to the widely accepted saddle-
splay distortion of lipid bilayers proposed by Bouligand [1,2,42], we
hypothesize that the L- and D-heteroclusters are arranged such that
the chiral L- and p-phenylalanine enantiomers are nonsuperimpos-
able mirror images of one another (Fig. 5d). We believe that this
is the origin of the chirality of the bicontinuous cubic structure.
Because the surface curvature is not constant in the bicontinuous
cubic structures, the saddle-splay distortion further varies with the
point. In other words, the chiral transfer from the molecules to cu-
bosomes varies at each point and consequently, the heterocluster
bilayer does not show any left- or right-handed deformation. To
confirm this hypothesis, we prepared the planar structures form
by the L- and Dp-heteroclusters. The absence of CD signals for the
plates imply the invalid chiral transfer from the heteroclusters to
planar structures (Figs. S12 and S13 in Supporting information).

In this study, we further prepared chiral composites by mixing
the cubosome powder with an epoxy resin (Fig. S14 in Supporting
information) (at a ratio 1:100 by weight) and then curing the mix-
ture. The two optical images in Fig. 6a show the films of a cured
pure epoxy resin and composite on a quartz glass. The composite
films are slightly yellowish and transparent, allowing the charac-
ters under the film to be visible. Relative to that of the pure epoxy
film, the transmittance values of the composite films of the L- and
D-cubosomes are 86.9% and 82.4%, respectively. We observed sev-
eral cubosomes on the fracture surface of a composite by SEM
(Fig. 6b). We also used SAXS to confirm the bicontinuous DD struc-
tures within the cubosomes (Fig. S15 in Supporting information).
The CD spectra of the two composite films are the same as those
of the L- and D-cubosomes in the 350—425 nm region (Fig. 6¢). The
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cubosomes on a fracture surface of a composite. (c) CD spectra of the chiral composites.

chiral composite films have the potential applications in terms of
chiral recognition, chiroptical switches, chiral electronics and biol-
ogy.

In summary, we designed and synthesized three dumbbell-
shaped Janus heteroclusters composed of POM and POSS clusters
with different organic linkers that contain a fluorescent NDI unit.
The L- or D-phenylalanine enantiomer was inserted into the or-
ganic linker of two chiral heteroclusters, whereas achiral 8-alanine
was inserted into that of the achiral heterocluster. These hetero-
clusters self-assembled into cubosomes with a bicontinuous DD
cubic structure. CD characterization revealed that the cubosomes of
the chiral heteroclusters exhibit chirality, indicating that chirality is
transferred from molecules to the bicontinuous DD cubic structure.
Our analysis indicated that the saddle-splay distortion of molecules
within curved bilayer of the heteroclusters is the origin of the chi-
rality of the cubic phase nanostructure. We further prepared chiral
transparent films of composites by curing mixtures of the chiral
cubosomes and an epoxy resin. Therefore, we demonstrated a sim-
ple but effective method of preparing chiral functional composites
for advanced applications.
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