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layer, facilitating the alignment of nanomaterials on a surface
or to a directional matrix, enabling their orientation within a
mixture.

3.2. Nanocellulose

Cellulose, the most abundant biopolymer on our planet,
is present in plants, marine environments, and products of
bacteria.75,76 The fibres of cellulose can be broken into con-
trollable nanoscale building blocks called cellulose nanocrys-
tals (CNCs) (Fig. 8a). These cellulose components, originating
from renewable materials, possess not only eco-friendly bene-
fits but also distinctive practical interest due to their various
functional properties such as mechanical strength, optical and
thermal properties.77–80

It is well-known that CNCs have the ability to self-assemble
into a helical structure, which is referred to as chiral nematic or
cholesteric phases (Fig. 8b) based on the twisting morphology
of a single nanocrystal (Fig. 8c and d).75,76,81,82 Such a hier-
archical structure in the CNC matrix contributes to an irides-
cent color based on the periodicity of the refractive index (Bragg
reflection), and researchers have tried to tune the pitch and
tactoid formation to enhance their chiral optical activities.83–86

Although much progress has been made with much effort, in
this section, we will only discuss the unwind nematic order of
CNCs induced by hydrodynamic flow and refer interested

readers to the above available literature describing these cho-
lesteric systems.

When drying sessile CNC dispersion droplets on the flat
substrate, in-plane multiaxial alignment was found in the
deposited film where the local director of CNCs is uniaxially
aligned (Fig. 9a).87 Pritchard et al. monitored the drying process
in real-time through polarized optical microscopy (POM) and
analyzed the drying dynamics using computational fluid
dynamics. They utilized the Peclet number, a parameter com-
paring solute Brownian motion to capillary flow, to validate the
dominant factor behind the sequential alignment of CNCs.
They found that contact line behavior dominates the orthogo-
nal alignment of CNCs in the deposition and studied various
morphologies changing the initial concentration, surface wett-
ability, and droplet volume. Also, there is another suggestion
for the CNC alignment based on surface tension gradient-
induced torque near the substrate–liquid–air interfaces.88 The
torque due to the surface tension getting higher close to the
contact line rotates the CNCs perpendicular to the direction of
the receding lines and parallels them to the solution boundary
layer that matches with the behavior of splay relaxation.

To induce uniform alignment in the circular deposited film,
researchers controlled the experimental systems via (i) the intro-
duction of additives ref. 88–91 and (ii) surface modification using
chemical treatment (acid hydrolysis) (Fig. 9b and c).92,93

Fig. 7 Two-dimensional DNA LC structure. (a) Undulated zig-zag pattern in the brushed DNA film. (i) Schematic illustrations of the fabrication process,
and (ii) and (iii) POM images and descriptions for DNA alignment. (b) and (c) Micro-sized periodic DNA structure on topographic templates;
(b) microchannels, and (c) microposts. Black and red arrows represent the shear direction (SD), and black scale bars are 20 mm. (a) Reproduced from
ref. 71 with permission from John Wiley and Sons, copyright 2017. (b) Reproduced from ref. 74 with permission from John Wiley and Sons, copyright
2020. (c) Reproduced from ref. 73 with permission from Springer Nature, copyright 2019.
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semiflexible polymers, where modifying the system makes rich
behavior in the concentrated solution (Fig. 10b).26,101–103

In particular, Mezzenga et al. discovered the formation of
tactoids along a concentration gradient, such as homogeneous,
bipolar, and cholesteric ones, and analyzed the order and
orientation transition in a confinement effect and hydrody-
namic system with a support of theoretical estimation.104–107

For example, Almohammadi et al. investigated the liquid–
liquid crystalline phase separation of aqueous filamentous
colloids (here, beta-lactoglobulin amyloid fibrils) during dro-
plet evaporation (Fig. 11a).108 They demonstrated that two
phase transitions occur with increasing concentration: nuclea-
tion and growth and spinodal decomposition where they also
discovered the structural changes and dynamics of the tactoids
in a hydrodynamic system. The amyloid alignment in the
deposited films lacked macroscopic uniformity but retained
hierarchical structures such as microscopic fingerprint textures
and parabolic focal conic domains. It is similar to the CNCs’
collective behavior in the drying process, including tactoid
fusion close to the contact line with sliding instability or
parabolic multi-domains in slow evaporation.

Our group reported, in collaboration with Mezzenga’s group,
the fabrication of a hierarchical structure of protein amyloids

with the property of minimizing liquid crystal elastic energy in
the vicinity of contact lines and a template capable of inducing
stick-and-slip motion (Fig. 11b).109 The filamentous protein
amyloids self-assembled, while the contact line was pinned to
form a macroscopic fibre structure, aligned parallel to the
contact line, with micrometre-scale gaps along the edges that
could be next pinned. A series of time-lapse POM images
characterised the self-assembly process to elucidate the for-
mation mechanism, and the structures’ dimensions could also
be controlled by adjusting the spacing of the templates.

3.4. Filamentous virus

The basic principles governing the isotropic-to-nematic phase
transition in hard rods were established in the 1940s, focusing
on the interplay of the aspect ratio and concentration.35

In general, the properties of biopolymers are more complex
than those of theoretical models, for example, due to flexibility
and surface charge. However, Ff phages, a group of filamentous
bacteriophage, have filled the gap with their molecular proper-
ties. For example, M13 phages have a contour length of 880 nm
and a diameter of 6.6 nm, and their aspect ratio aligns with the
Onsager criteria (L/D 4 100) (Fig. 12a).110 And the phages
maintain the uniform conformation of length, topography,
and chemical composition, yielding remarkably consistent
suspensions. The capacity for tunability via chemical and
biological methods enables systematic manipulation of inter-
action potentials,111 rendering these models exceptionally
effective for comprehending and designing liquid crystals.
Consequently, these models facilitate direct quantitative com-
parisons with theoretical predictions, thereby facilitating inves-
tigations into intricate LC phases.112–117 Noteworthy is the
profound influence of molecular-level chirality on the self-
assembly process within concentrated solutions. Leveraging
insights, such as the formation of a helicoidal structure invol-
ving approximately 2700 copies of a single peptide and a
fivefold rotation axis, researchers strive to comprehensively
explore the origin and behavior of chiral mesophases, includ-
ing cholesteric and chiral smectic C phases (Fig. 12b and c).
The intricate relationship between microscopic and macro-
scopic chirality, encompassing factors like handedness and
pitch, remains an ongoing focus of research, crucial for achiev-
ing a comprehensive understanding of colloidal liquid crystals.

Professor Belcher and Lee are pioneering researchers who
have significantly contributed to fabricating functional materi-
als using evaporation-induced self-assembly involving viral
films.118 Among their key findings, they have observed the
formation of liquid crystal structures ranging from nematic to
chiral smectic C, dependent on concentration and thickness
variations.119 At higher initial concentrations, the mono-
dispersity of the bacteriophage led to the formation of helical
bundles with a smectic-based long-range order, which is
directly reflected in the film as a periodic zigzag structure.
The authors attributed this phenomenon to the dominant
effect of expressing chiral liquid crystal structures over the
interfacial effect. AFM and laser diffraction pattern results with
POM supported their assertion.

Fig. 10 Hierarchical anisotropy of protein amyloids. (a) Molecular struc-
ture of amyloid fibrils (b) a series of POM images in concentrated disper-
sion of amyloids; homogeneous nematic tactoid (left), uniaxial cholesteric
tactoid (middle), and cholesteric focal conic domains (right). (a) Repro-
duced from ref. 94 with permission from The National Academy of
Sciences, copyright 2013. (b) Reproduced from ref. 102 with permission
from Springer Nature, copyright 2018.
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Fig. 11 Drying and deposition processes of the amyloid fibrils (a) real-time observation of the drying process of amyloid sessile droplets. (b) Hierarchical
structure of amyloid fibrils induced by the microchannel template. White bars represent 20 mm. (a) Reproduced from ref. 108 with permission from
American Chemical Society, copyright 2023. (b) Reproduced from ref. 109 with permission from American Chemical Society, copyright 2021.

Fig. 12 Filamentous bacteriophages and their anisotropy. (a) Molecular structure of the M13 bacteriophage. (b) Schematic illustration of ‘cork-screw
model’ of fd virus. (c) Cholesteric phase of concentrated viral solution exhibiting fingerprint texture under POM. (a) Reproduced from ref. 120 with
permission from Springer Nature, copyright 2011. (b) Reproduced from ref. 115 with permission from American Physical Society, copyright 2003.
(c) Reproduced from ref. 117 with permission from Royal Society of Chemistry, copyright 2009.

Materials Horizons Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 7
:3

8:
46

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3mh01585h


Furthermore, the investigation by Lee and colleagues delved
into the intricate interplay between environmental parameters
and the kinetics governing the conversion of helical macro-
molecules into higher-ordered structures via a dip-coating
process.120,121 They explored the applicability of these factors
for regulating assembly under controlled experimental conditions.
Their study revealed that the formation of sub-micrometre-scale
structures originated from the spontaneous transitions within
liquid crystal dynamics, coupled with distinctive chiral charac-
teristics, including nematic orthogonal twist, cholesteric helical
ribbon, and smectic helicoidal nanofilament (Fig. 13). Examining
at the microscale, the establishment of ordered configurations were
closely tied to the geometric constraints such as curved menisci,
along with the periodic modulation of material flow. By manipulat-
ing meniscus motion, they materialized the large-scale ordered film
as a functional material. Moreover, by fine-tuning coating para-
meters within the self-assembly process, they successfully produced
a diverse array of nanostructures on a large scale.122 This achieve-
ment was facilitated by manipulating interparticle interactions
contingent upon the concentration of additive ions. Adjust-
ments to thermodynamic parameters resulted in distinctive
undulations in the transient meniscus curve, leading to a
hierarchical dotted pattern. Notably, the periodic alteration
of coating speed, a pivot of kinetic factor, governed the for-
mation of periodic dots within this pattern. Building on the
groundwork, our group explored collective behaviors in non-
equilibrium systems.123 We focused on understanding the
interplay between liquid crystal phase transition near the

solution contact line and the resulting M13 film morphologies.
Through multiple viewpoints of microscopic analysis, we
directly visualized the presence of liquid crystal three-
dimensional structures in the deposited films. We also involved
the rheological and hydrodynamic analysis, revealing the com-
petition between the liquid crystal elasticity and the capillary
flows in forming hierarchical structures. Our work holds sig-
nificance in optimizing experimental conditions for precise
ordering and orientation of chiral filamentous colloids.
By delving into the dynamics of non-equilibrium systems, we
contribute to understanding intricate processes in this field.

3.5. Collagen fibril

In biological tissues, collagen fibrils are found in a highly
concentrated state within the organic matrix of skeletal struc-
tures (Fig. 14a).124–126 These fibrils endow specific properties,
such as mechanical resistance in bones and tendons and
transparency in the cornea.127,128 The challenges in investigat-
ing these distinct properties within our tissues are rooted not
only in the inherent attributes of the fibrils themselves but also
in the hierarchical structure, spanning from the nanoscale to
the microstructural level.129 This spontaneous organization of
well-ordered structures in diverse collagen matrices exhibits
notable analogies to the liquid crystal ordering in the concen-
trated collagen solutions (Fig. 14b).54,130–133

The synthesis of collagen fibrils occurs within the cells, yield-
ing three polypeptide chains that intertwin into an elongated,134

semi-flexible triple helix with a diameter of 1.5 nm and a length of

Fig. 13 Filamentous bacteriophage self-assembly. Film morphologies of M13 bacteriophage films; nematic orthogonal twist (first row), cholesteric
helical ribbon (second row), and smectic helicoidal nanofilament (third row). The figure is reproduced from ref. 120 with permission from Springer Nature,
copyright 2011.
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300 nm. Due to the high aspect ratio, they presented lyotropic
liquid crystal characteristics manifesting birefringent textures
known as fingerprints above certain concentrations.125,128,131

Early observations of these mesoscopic phases have been system-
atically clarified through joint endeavors by biologists and
physicists aiming to quantitatively characterize collagen phase
diagrams changing factors such as contour length, pH, ionic
strength, solvent composition, and additives.131 This foundational
understanding has paved the way to modulate the long-range
organization of collagen, enabling the establishment of uniaxial

fibril orientations in tendons and layered orthogonal alignment
in bone and the cornea and bridging the gap between in vitro
findings and living tissues.

Trials to fabricate a biomimetic structure have been initiated
since the 1980s through evaporating droplets containing col-
lagen solutions (Fig. 15).25,135–138 The surface morphologies of
the resulting films are also quite similar in nature, and the
researchers have analysed several key factors, including the
initial concentration of the solution, as well as the dimensions
(diameter and length) of the fibrils and the rate of evaporation.

Fig. 14 Collagen LC structures. (a) Demineralized osteon in human compact bone (b) cholesteric fingerprint texture of collagen LCs in POM and a
second harmonic generation microscope. (a) Reproduced from ref. 132 with permission from Springer Nature, copyright 2012. (b) Reproduced from
ref. 120 with permission from Royal Society of Chemistry, copyright 2011.

Fig. 15 Evaporation-induced self-assembly of collagen type 1. (a) Concentric ring pattern, (b) periodic arc-shaped, and (c) tissue-like ordered fibrillar
network in the deposited collagen film. Yellow dashed lines represent the director of collagen. (a) Reproduced from ref. 135 with permission from
American Chemical Society, copyright 1999. (b) Reproduced from ref. 24 with permission from Elsevier, copyright 2008. (c) Reproduced from ref. 138
with permission from American Chemical Society, copyright 2016.
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by Onsager.35,146 The excluded volume effect, which tends to
increase the effective volume of building blocks, not only facili-
tates the development of liquid crystal phases in concentrated
solutions but also induces uniaxial alignment of the solutes along
the local director of liquid crystals. The orientational ordering of
solutes becomes arrested in the film after drying.

These findings demonstrate that co-dispersions allow for
the alignment of nanorods with relatively small aspect ratios,
which cannot spontaneously form ordered liquid crystal struc-
tures independently.147–150 These nanorods are of particular
interest due to their high surface-to-volume ratio and their
responsiveness to optical, chemical, and electrical stimuli in an
anisotropic manner.151,152 Gold nanorods (GNRs), one of the
examples, dispersed in a DNA solution exhibit various nematic-
like ordering along with the local director of DNA chains
(Fig. 17a).73,74 The resulting DNA-GNR composite film displays
polarization-dependent extinction colors based on localized
surface plasmon resonance (LSPR). Additionally, the absorp-
tion spectrum of the films reveals that the longitudinal SPR
peak is pronounced when the linearly polarized light aligns

with the long axis of GNRs, whereas it becomes minimal when
the polarizer is perpendicular. If the absorbance, including
both longitudinal and transverse, is in the visible light range,
the transmissive/reflective color can vary depending on the
polarizer’s angle.

Moreover, the GNRs formed a concentric pattern along the
orientation of the CNCs in the deposited film. The GNRs
dispersed in the CNCs are drop-cast on the flat substrate and
the circular CNC-GNR film exhibited quadrant pattern under a
single polarizer consisting of purple and blue colors along the
orientation of the GNRs (Fig. 17b).91

Not only the two-dimensional structure, but the nanorods
also form three-dimensional structures in the medium of
chiral-induced liquid crystals (Fig. 17c).123 Within viral films,
nanorods form helicoidal structures, exhibiting axis-symmetric
rotation with a specific azimuthal angle. This may serve as a
coatable plasmonic optical filter with circular dichroism as the
result of collective linear polarization effects.

Directional alignment within an anisotropic matrix also
governs electrical properties. Water-soluble modifications of

Fig. 18 Control of electron transfer in the aligned matrix. (a) Enhancement of conducting polymer alignment by mixing with DNA. In the illustration,
red blocks represent the conducting polymer, P3PHT, that is poly[3-(potassium-7-hexanoate)-thiophene-2,5-diyl]. (b) Helicoidal DNA-conjugated
molecule composites and their chiral optoelectrical activity. (a) Reproduced from ref. 153 with permission from American Chemical Society, copyright
2020. (b) Reproduced from ref. 154 with permission from American Chemical Society, copyright 2021.
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