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ABSTRACT: Cellulose nanocrystal (CNC) research has addressed increased
attention in the bioprocessing community, especially the utility of these
materials in different fields, including biomedical and materials applications. In
this review, the different preparation methods and properties of CNC materials
will be initially briefly discussed. The latter focuses special attention on the
alignment of CNCs and its applications. Different methods to induce CNC
alignment, including self-assembly, shear-based alignment, magnetic and
electric field alignment, spin-coating, dip-coating, etc., are reviewed in detail,
followed by the different characterization techniques to quantify the
alignments of CNCs. The current and potential applications of aligned
CNCs, such as fillers to enhance the mechanical and thermal properties of
biocomposites, photonic materials to deal with structural colors and
enhancement in optical properties of iridescent films, and reduced wettability
for high-resolution printing, are further discussed to provide more insights into
this promising research direction. We hope that this review will shine light on CNC alignment and also open the door to different
types of applications.

KEYWORDS: cellulose nanocrystals, CNC preparation, CNC alignment, alignment characterization, alignment applications, wrinkling

1. INTRODUCTION

Concerns about increasing levels of carbon emissions, global
warming, and energy security have encouraged governments
around the world to gradually shift from the traditional
hydrocarbon based “oil refinery” to the sustainable carbohy-
drate-based “biorefinery”. This biorefinery concept has been
proposed as a means to extract maximum value from
lignocellulosic materials (forestry and agriculture biomass)
for fuels, chemicals, and biomaterials production. One
promising new product is cellulose nanocrystals (CNCs).
Because of the biodegradability, the utility to increase surface
properties in composites, and the unique properties extending
to optical, liquid-crystalline, and self-assembly characteristics,
CNCs have become one of the main focuses of research in the
cellulosic field.1,2 Meanwhile, because of their superior
mechanical properties and large surface area, CNCs have
also become more popular in several spheres of application,
including packaging, drug delivery, cosmetics, photovoltaic
devices, nanocomposites, etc.3−6

There are different types of nanocellulose forms, which will
be briefly discussed at the beginning of this review along with
their production and properties. However, the major concern
in today’s nanocellulose society is not about production but
rather about finding a better application where its structural
characteristics could be tailored by different methods. For the

utilization and probably amplification of CNC properties, it is
crucial to gain control over the molecular forces and
physicochemical phenomena involved in its three-dimentional
assembly processes.7−10 There have been many approaches to
assemble CNCs such as templating of chiral composites, layer-
by-layer assemblies, host−guest functionalities, protein−hybrid
composites, aerogels, and fiber spinning. However, most of
these current assembly approaches could not take much
advantage of the unique properties of CNCs. Lessons can be
learned from nature, where a wide range of composite
materials with outstanding mechanical, surficial, and optical
properties (e.g., water lily leaves, butterfly wings, etc.) have
been achieved with well-arranged structure at the nano-
scale.11−13

Despite their great promise, to our knowledge there are no
reviews to date that talk specifically about the alignment of
cellulose nanocrystals and its applications. Hence, this review
will highlight different current techniques to align CNCs such

Received: January 27, 2020
Accepted: March 23, 2020
Published: March 23, 2020

Reviewwww.acsabm.org

© 2020 American Chemical Society
1828

https://dx.doi.org/10.1021/acsabm.0c00104
ACS Appl. Bio Mater. 2020, 3, 1828−1844

D
ow

nl
oa

de
d 

vi
a 

M
O

N
A

SH
 U

N
IV

 o
n 

N
ov

em
be

r 
19

, 2
02

5 
at

 0
5:

39
:3

1 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ragesh+Prathapan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rico+F.+Tabor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gil+Garnier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinguang+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsabm.0c00104&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00104?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00104?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00104?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00104?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aabmcb/3/4?ref=pdf
https://pubs.acs.org/toc/aabmcb/3/4?ref=pdf
https://pubs.acs.org/toc/aabmcb/3/4?ref=pdf
https://pubs.acs.org/toc/aabmcb/3/4?ref=pdf
www.acsabm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c00104?ref=pdf
https://www.acsabm.org?ref=pdf
https://www.acsabm.org?ref=pdf


as self-assembly, shear-based alignment, magnetic and electric
field alignment, spin-coating, dip-coating, etc. The later
sections will then focus on highlighting the reported
applications of such aligned cellulose nanocrystals, such as
structural color for biomimetic applications; templates to align
other nanomaterials and molecules; enhancement of the
material strength of composites, aerogels, and films; tuning
the surface properties of coatings (wettability, roughness, etc.);
thin films for spectrometry; and biomedical and sensor
applications. The different characterization techniques to
quantify the CNC alignment will also be discussed. We hope
that this review will shine light on CNC alignment and also
open the door to different types of applications.

2. PREPARATION AND APPLICATIONS OF
CELLULOSE NANOCRYSTALS
2.1. Preparation of Cellulose Nanocrystals. It is

important to understand how CNCs are prepared from
pristine cellulose through various physical and chemical
treatments. A vast amount of information on structure,
sources, and processing of cellulose has been reported
extensively in the literature.14−39 In the materials community,
CNCs have garnered significant interest because of their
abundance, inherent renewability, sustainability, and excellent
physical and chemical properties.19 Also, CNCs are promising
candidates for reinforcing nanocomposites because of their low
weight, low cost, nanoscale dimensions, and unique morphol-
ogy. CNCs are also called different names in the literature,
including nanocrystals, whiskers, and microcrystals.40 Acid
hydrolysis is the main process for isolation of CNCs from
cellulose fibers. During acid hydrolysis (based on the acid
concentration used), crystalline regions remain intact (as they
are resistant to acid attack) whereas hydrolysis of disordered
cellulose regions occurs.19 Such an acid treatment produces
rodlike cellulose nanocrystals. It was found that the
morphology and crystallinity of the original cellulose fibers
are retained in CNCs, as shown in Figure 1.41 The kinetic
difference in the hydrolysis rates for the crystalline and
amorphous regions is the key factor for controlled acid
cleavage, and hence, crystalline regions remain while
amorphous regions are hydrolyzed readily.
The preparation of CNCs is affected by parameters such as

the acid-to-cellulosic fiber ratio and the nature and
concentration of the acid used. Purification of suspensions
after acid treatment involves repeated centrifugations and

dialysis for several days. For the acid hydrolysis treatment of
CNCs, sulfuric or hydrochloric acid is commonly used.
Nevertheless, acid cleavage using phosphoric42,43 or hydro-
bromic acid44 has also been reported. It was found that CNCs
flocculated and their ability to disperse was limited if the
hydrolysis was undertaken using hydrochloric acid.45 However,
with sulfuric acid hydrolysis, better dispersion of CNCs in
water was observed because of the production of charged
surface sulfate esters by the reaction of the acid with the
surface hydroxyl groups of cellulose. The downside of this
approach is that the thermal stability of the nanocrystals is
compromised with the introduction of charged sulfate
groups.46 Another reason that hydrochloric acid is less
attractive for hydrolysis is apparent from rheological behavior
differences. It was seen that a suspension treated with
hydrochloric acid showed thixotropic and antithixotropic
behavior at concentrations of 0.5% and 0.3% respectively,45

whereas with sulfuric acid no time-dependent viscosity of the
suspension was observed. It was seen that spherical CNCs
were obtained when the hydrolysis was carried out using a
combination of hydrochloric and sulfuric acids with concurrent
ultrasonic treatment.47,48 As these spherical CNCs possess
fewer sulfate groups on their surfaces, they exhibit good
thermal stability.48 Bondeson et al. demonstrated that a CNC
yield of 30% with lengths between 200 and 400 nm and widths
less than 10 nm could be obtained by the use of sulfuric acid at
a concentration of 63.5% (w/w) over 2 h.49,50

A decrease in nanocrystal length and increased surface
charge were observed when the hydrolysis time was prolonged
for several hours.51 On the basis of the hydrolysis conditions
and cellulosic material source, the geometry of CNCs can vary
widely because the acid hydrolysis is diffusion-controlled.
Chemical functionalization of CNCs is carried out either by
introducing positively or negatively charged groups on their
surfaces or by tuning their surface energy characteristics,
improving their dispersion and compatibility in composites. Lu
and Hsieh used cotton cellulose as the starting material for
cellulose nanocrystal preparation, wherein acid hydrolysis
followed by freeze-drying yielded rodlike, spherical, and
network morphologies, as shown in Figure 2.52 Dispersion in
aqueous media was facilitated by the sulfate groups introduced
by sulfuric acid hydrolysis, whereas improved specific surface
area and mesoporosity were induced by freeze-drying.
Few works have been reported with respect to preparation of

cellulose nanocrystals using physical treatments. Li et al. used

Figure 1. (a) Field-emission scanning electron microscopy (SEM), (b) transmission electron microscopy (TEM), and (c) atomic force microscopy
(AFM) images of cellulose nanocrystals. Reproduced with permission from ref 41. Copyright 2013 Science and Education Publishing.
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high-intensity ultrasonication to prepare rod-shaped CNCs
(diameter: 10−20 nm; length: 50−250 nm) from micro-
crystalline cellulose (MCC).53 Ultrasonication treatment had
an inverse effect on the crystallinity and length of the CNCs
prepared. Nevertheless, the technique is limited by its
nonselective nature, cleaving both crystalline and amorphous
parts of MCC (Figure 3). An ultrasonically assisted enzymatic
process was used to prepare CNCs from wheat MCC.54 The
resulting nanocrystals had widths of less than 10 nm and
lengths of 40−50 nm, which were sensitive to the ultra-
sonication process. Tang et al. observed the morphological
similarity of cellulose nanocrystals prepared via acid hydrolysis
with and without ultrasonic treatment;55 the yield was slightly
higher when ultrasonic treatment was used. A similar study was
also carried out by Guo et al. to explore the effects of
ultrasonication treatments on the CNC structure.56 A
disordered CNC structure was obtained when the CNCs
were subjected to prolonged acid attack under ultrasonication.
Similar effects were also observed in the work reported by Li et
al., wherein surface erosion and cellulose folding of the
bleached softwood kraft pulp along with reduced CNC length
occurred during ultrasonication for the preparation of CNCs.57

A FeCl3-catalyzed hydrolysis technique assisted by ultra-
sonication was used to prepare CNCs from bamboo pulp.58

The prepared CNCs had a rod-shaped morphology and
formed an interconnected network structure with a width of
10−20 nm and length of 100−200 nm. The conventional acid-
based hydrolysis technique was found to yield cellulose
nanocrystals of poor thermal stability, and the use of strong
acids and solvents makes it industrially laborious.48 Hydro-
thermal treatment using hydrochloric acid and treatments with
a mild acid such as phosphoric acid have also been used to
prepare thermally stable CNCs.59,60 However, the prepared
CNCs showed poor scalability and low yield. Recently, high-
energy bead milling (Figure 4) was employed to isolate rod-
shaped CNCs (freeze-dried) from MCC in an aqueous
medium.61 The obtained yields were between 57 and 76%,
and the CNCs were found to be thermally stable (degradation
temperature: 250 °C). Irrespective of the high yield, the
technique may not be viable for industrial purposes because of
the contamination of cellulose nanocrystals with zirconium (in
high ppm quantities) and the aggregation of cellulose
nanocrystals due to the effects of the high energy imparted
during the ball milling technique.

2.2. Applications of Cellulose Nanocrystals. Because of
their intrinsic properties such as high surface area and
mechanical strength, CNCs find immense applications in the
nanocomposites field.62 The presence of hydroxyl functional
groups makes them readily available for chemical functional-
ization, facilitating their incorporation into various polymer
matrices.63−67 These polymer composites find applications in
packaging, textiles, coatings, and automobile parts. To detect
the in vivo interaction of cellulose nanocrystals with cells,
cellulose nanocrystals have been fluorescently labeled using a
three-step reaction pathway (Figure 5).68 The process
dissolves softwood pulp using sulfuric acid and incorporates
covalently bonded fluorescent molecules onto cellulose
nanocrystal surface to enable fluorescent detection of the
CNC location in vivo.
The thermal and mechanical performance of polyurethane-

based composites was found to be affected by the addition of
cellulose nanocrystals during polymerization. The addition of
cellulose nanocrystals acted as the limiting factor for the
deformation and modulus of the nanocomposites synthe-
sized.69 A decrease in thermal resistance was found when
cellulose whiskers were incorporated as a filler into poly(lactic
acid) (PLA) nanocomposites.70 Depending on the concen-
tration of the filler, the mechanical properties (modulus) of the
composite varied by enhancement of the brittleness of the PLA
nanocomposites.71 A decrease in tensile storage modulus was
observed when a percolated network of cellulose whiskers was
introduced into poly(vinyl acetate) under simulated physio-
logical conditions.72 The materials prepared also exhibited
decreased swelling, which could potentially be used for other
biomedical applications.72 Composite sheets were prepared
using a solution-casting method to incorporate cellulose
nanocrystals into poly(methyl methacrylate) nanocomposites,
retaining the material’s transparency. The introduction of
CNCs enhanced the storage modulus and thermal stability of
the prepared nanocomposite.73 Cellulose nanowhiskers
assembled layer by layer with chitosan were used to prepare
a biodegradable nanocomposite with high density. The
prepared nanocomposite used nanowhiskers obtained from
eucalyptus wood pulp by acid hydrolysis, which were
homogeneously distributed within the chitosan layers, and
served as a high-performance renewable material.74 The
methodology used in preparation of these nanocomposites

Figure 2. SEM images of (a, b) cellulose powder, (c) rod-shaped
CNCs, and (e) spherical-shaped CNCs and TEM images to study the
(d) rod-shaped, (f) spherical-shaped, and (g, h) porous-network-
shaped cellulose nanocrystals prepared. Reproduced with permission
from ref 52. Copyright 2010 Elsevier Ltd.
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could be extended to the preparation of new bio-based
nanocomposites that could be used in several applications,
including food packaging and biomedical applications.
Recently, cellulose nanocrystals were used in coating
technologies for drug delivery applications because of their
nontoxic behavior.75−77

Cationic functionalization of cellulose nanocrystals was
carried out by Hasani et al. using epoxypropyl trimethylam-
monium chloride (EPTMAC).78 The functionalized cellulose
nanocrystals (Figure 6) were obtained from cotton via acid

hydrolysis and showed reduced total surface charge density,
resulting in unexpected rheological and gelling properties and
the ability to form stable aqueous suspensions.78 Similar
surface modification of cellulose nanocrystals was carried out
by Salajkova et al. using quaternary ammonium salts.79 Strong
birefringence was observed for modified CNCs suspended in
toluene, and a water contact angle increase from 12° to 71°
was found upon modification of the CNCs. Various other
surface-functionalized CNCs have been reported to form stable
CNC suspensions with either enhanced hydrophobicity or
birefringence.80−82 Eyley and Thielemans reported different

Figure 3. Schematic diagram illustrating ultrasonication treatment to produce cellulose nanocrystals from microcrystalline cellulose. Reproduced
with permission from ref 53. Crown copyright 2011, published by Elsevier B.V.

Figure 4. Schematic diagram illustrating the high-energy bead milling
technique for producing thermally stable cellulose nanocrystals.
Reproduced with permission from ref 61. Copyright 2015 Royal
Society of Chemistry.

Figure 5. Schematic diagram illustrating the three-step pathway by
which cellulose nanocrystals are fluorescently labeled. Reproduced
from ref 68. Copyright 2007 American Chemical Society.
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methods for surface modification of cellulose nanocrystals,
including oxidation, esterification, amidation, carbamation,
etherification, and nucleophilic substitution.83 However, in
this review, less emphasis is placed on such chemical
modifications, which affect the surface functional groups and
change the surface characteristics.

3. ALIGNMENT OF CELLULOSE NANOCRYSTALS
3.1. Self-Assembly of Cellulose Nanocrystals. Neg-

atively charged sulfate groups are created on the surface of
CNCs upon acid hydrolysis of microfibrillated cellulose
(MFC) using sulfuric acid, and these groups electrostatically
repel each other, resulting in the formation of stable CNC
dispersions. To minimize these electrostatic interactions,
cellulose nanocrystals in concentrated suspensions configure
themselves to give specific local orientations.19 Similar self-
assembly was seen with other rodlike structures that exist as
nonflocculating suspensions.84−86 Chiral nematic liquid-crys-
talline structure, characterized by a fingerprint-like pattern,
occurs as a result of this self-assembly, which could be
observed using an optical microscope in crossed-polarization
mode.87 Such an ordered chiral nematic phase (Figure 7)
occurs only when the concentration of CNCs reaches a critical
concentration, forming an orientationally anisotropic
phase.88,89 Shear birefringence is shown by the CNCs at

concentrations above the critical concentration.90 Certain
studies have revealed that such chiral nematic order may be
attributed to a twist in CNCs, which is inherent in the cellulose
backbone and the crystalline material.87,91 More evidence of
such twisting was also provided by studies carried out on
surfactant-stabilized CNC suspensions.92 These chiral nematic
structures go on to form iridescent films upon complete water
evaporation. Numerous applications utilize such solid films,
including security papers and optical coating materials.93−95

The chiral nematic phase self-assembly of cellulose nanocrystal
suspensions was studied by Roman and Gray.96 Slow
evaporation of the suspension resulted in the formation of
parabolic focal conic (PFC) defects, which were characterized
using atomic force microscopy and polarized light. The
ordering of cellulose nanocrystals at concentrations below
this chiral nematic phase transition is however a challenge. As
will be elaborated more below, many approaches to align
CNCs have been attempted, such as using magnetic alignment,
electric field alignment, shear-based alignment, etc., but most
of the time these techniques exhibit only local alignment and
also possess limitations with respect to processing parameters
and scalability.

3.2. Shear-Based Alignment of Cellulose Nanocryst-
als. Alignment of CNCs in the direction of a shear flow was
observed by Orts et al. using small-angle neutron scattering
(SANS), wherein the neutron beam was passed perpendicular
to the shear flow.97 An increase in alignment of CNCs with
shear rates from 0.1 to 7000 s−1 was clearly observed. A similar
study was carried out by Ebeling et al. in which two shear rates

Figure 6. AFM images of cellulose nanocrystals prepared via acid
hydrolysis of cotton as the source material (a) without and (b) with
surface functionalization with EPTMAC. Reproduced with permission
from ref 78. Copyright 2008 Royal Society of Chemistry.

Figure 7. Polarized optical microscopy images of cellulose nanocrystal
suspensions showing (a) a 7.1% post-sulfated suspension with cross
hatch pattern and (b) a chiral nematic structure with 5.4% solid
content exhibiting a fingerprint structure obtained during acid
hydrolysis. Scale bar: 200 μm. Reproduced from ref 89. Copyright
2000 American Chemical Society.
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were used to align CNCs perpendicular to and parallel to the
shear direction at low (5 s−1) and high (500 s−1) shear rates,
respectively.98 The study indicated that the orientation of
CNCs could be controlled by adjusting the shear rate. The
order parameter for isotropic and anisotropic CNC config-
urations prepared using various shear rates was studied by
Chowdhury et al.99 The study was carried out to investigate
the crystal orientation using UV−vis spectrophotometry, a
low-cost and simple technique. Various shear rates were used
to prepare self-standing CNC films with short-range order.
Order parameters were calculated by determining the
dichroitic ratio, which was evaluated from the transmitted
light intensity of the CNC films when they were placed
between crossed polarizers. Compared with other traditional
techniques, the birefringent method employed was inexpensive
and reproducible. Details about characterizing the aligned
CNCs to evaluate the order parameter will be discussed in later
sections.
Optical contrast measurements (Figure 8) were used by

Haywood and Davis to study the microstructural relaxation
effects of shear forces on alignment of CNC films.100 The final
structure of CNC films was primarily affected by the combined
effects of rheology, relaxation, and dispersion microstructure in
the initial stage. Doctor blade coating has been used to shear
align CNCs. After relaxation, CNCs coated from an isotropic
phase did not align at lower concentrations. However, at higher
concentrations, the degree of freedom101 decreased, as a result
of which CNCs aligned at shear rates up to 100 s−1. The
alignment of CNCs in liquid-crystalline dispersions using shear
rates from 25 to 100 s−1 was found to be comparatively easier
because of the self-assembly of CNCs in the nematic phase.102

Uniformly oriented cholesteric CNC helices were prepared
by Park et al. using a circular-shear-based method whereby
vertical helix orientation was achieved when the concentration
of CNCs used was increased into the liquid-crystalline
range.103 Shear-induced alignment of CNCs using an in-line
polarized light imaging integrated single-droplet oscillatory
system (a complex microfluidic imaging technique) was
studied by Alizadehgiashi et al.104 The alignment of CNCs
was analyzed using an oscillating droplet of isotropic aqueous
CNC suspension (in a capillary) and was found to be affected
by the suspension viscosity and the shear rate. Alignment of
CNCs in fibers using shear-based forces produced by
hydrodynamic flow and spinning has also been reported in

the literature.105,106 Grazing-incidence wide-angle X-ray
scattering (GIWAXS) was used by Sanchez-Botero et al. to
measure aligned CNCs at different concentrations (7 and 9 wt
%) and to study the influence of other process parameters such
as shear-cast velocity and solution concentration on the CNC
ordering.107 X-rays were focused onto a cast film made from
CNCs, and GIWAXS patterns were recorded at fixed intervals
of time. It was found that the process parameters (shear
velocity, evaporation rate, and concentration of the precursor
suspension) had a negligible influence on the CNC
orientation.
Convective and shear-based forces were used by Hoeger et

al. to align CNCs deposited as ultrathin films on solid
supports.108 Image analysis was used to measure the degree of
CNC orientation. A CNC concentration of 2.5% w/w, far
lower than the critical concentration for chiral nematic phase
formation, was used for alignment, wherein the CNCs aligned
well in the shear withdrawal direction supported by gold and
silica substrates. The mechanical strength and wear resistance
of the prepared ultrathin film was enhanced by the shear-based
alignment.

3.3. Magnetic Alignment of Cellulose Nanocrystals. A
magnetic field of 1.2 T was used by Pullawan et al. to align
cellulose nanowhiskers (derived from tunicates) that were
incorporated into a cellulose matrix system.109 The volume
fraction of cellulose nanowhiskers was found to be a key
criterion affecting the mechanical properties of the final
composite material. It was found that lowering the volume
fraction of these cellulose nanowhiskers makes them readily
orient under the applied magnetic field. The oriented cellulose
nanowhiskers were found to impart enhanced strength and
stiffness to the composite. However, the orientation under a
1.2 T magnetic field was incomplete, as 50% of the cellulose
nanowhiskers remained misaligned with the magnetic field. A
similar study on aligning cellulose nanowhiskers using a
magnetic field (1.2 T) was carried out by Li et al. in order to
fabricate reinforced nanocomposite paper.110 The paper was
made by aligning the nanowhiskers in wood pulp under the
influence of magnetic fields, wherein the negative diamagnetic
anisotropy of the nanowhiskers was found to be the key
characteristic for magnetic alignment. The fabricated nano-
composite paper was found to have a stronger storage modulus
in the direction perpendicular to the applied magnetic field but
was weak in the direction parallel to the magnetic field (Figure

Figure 8. CNC dispersions at different concentrations subjected to varying shear rates (flow direction upward), observed using optical microscopy
in cross-polarization mode. (a−o) Scale bar: 100 μm. Reproduced with permission from ref 100. Copyright 2016 Springer Science Business Media
Dordrecht.
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9). However, only local alignment of cellulose nanowhiskers
under the applied magnetic field was again seen.

A noninvasive approach for aligning CNCs using Fe3O4 (51
wt %) in a low magnetic field (∼60 mT) was reported by Dhar
et al.111 In situ precipitation was used to facilitate the
adsorption of Fe3O4 nanoparticles onto the CNCs. PLA was
used to disperse these nanofillers, in which the CNCs were
aligned in the magnetic field (because of the high magnetic
moment of the iron oxide nanoparticles). The resultant
nanocomposite film was found to possess improved electrical
and thermal properties compared with the nonaligned
nanocomposite.111 However, the loading of iron oxide
nanoparticles required was very high, limiting its practical
application.
Sugiyama et al. were the first to report the magnetic

alignment of cellulose microcrystals under a strong magnetic
field (7 T).112 Because of the diamagnetic susceptibility
response of cellulose, the fiber axis of the microcrystals was
oriented perpendicular to the direction of the magnetic field.
Two different types of magnetic field, static and rotating, were
used by Kimura et al. to align tunicate cellulose microfibrils at a
concentration above the critical transition concentration, in
which the effect of the static magnetic field was to align the
small chiral nematic domains into a monodomain and the
rotating magnetic field was used to drive the chiral nematic
phase into the nematic phase.113 The microfibrils were
prepared from cellulosic mantles of tunicin using acid
hydrolysis. The direction perpendicular to the fiber axis
showed higher diamagnetic susceptibility compared with the
direction parallel to the fiber axis. The reported work may not
be feasible for industrial purposes, however, as very high
magnetic fields ranging from 5 to 28 T were used to achieve
alignment. Similar work on alignment of cellulose nanofibers
(prepared from regenerated cellulose) under the influence of a
strong magnetic field (7 T) was reported by Kim et al.114 The
decomposition temperature of the material was found to be
higher when the nanofibers were aligned using a strong
magnetic field.
Revol et al. reported the magnetic alignment (7 T) of

cellulose nanocrystals (axial ratio: 20−40) in the chiral nematic
liquid-crystalline phase.115 The chiral nematic axis, owing to

the negative diamagnetic susceptibility, is oriented parallel to
the applied magnetic field. Iridescent cellulose nanocrystal
films were prepared by Edgar and Gray from cellulose
suspensions under the influence of a magnetic field of 7 T
produced within an NMR spectrometer.116 The chiral nematic
order of the prepared film was found to increase with the
applied magnetic field, which was recorded by measuring
induced circular dichroism changes.
Kvien and Oksman used a strong magnetic field of 7 T to

align nanowhiskers in a poly(vinyl alcohol) matrix.117

Enhancement of the dynamic modulus of the nanocomposite
by a value of 2 GPa was found in the direction of aligned
cellulose nanowhiskers compared with the perpendicular
direction. A composite of cationic polymer with cellulose
nanocrystals in the chiral nematic phase was used by Cranston
and Gray to form a polyelectrolyte film via layer-by-layer
assembly.118 The cellulose nanocrystals in the polyelectrolyte
film were oriented in a magnetic field of 7 T. Even though the
orientation of the nanocrystals was successful, long (∼24 h)
exposure to the magnetic field was required to achieve
complete alignment.
Even though many works have reported magnetic field

alignment of cellulose nanocrystals, most of them used high
magnetic field strengths (above 5 T), which are not suitable for
scalable processing. The low magnetic field alignment of
cellulose nanocrystals reported showed only local alignment.

3.4. Electric Field Alignment of Cellulose Nanocryst-
als. The alignment of rod-shaped particles119,120 was
previously studied using electric fields, wherein electric
birefringence121 was found to be the main reason for
orientation of these particles under the influence of the
electric field. The electric field alignment of cellulose
nanocrystals was initially studied by Bordel et al. at frequencies
ranging from 10 Hz to 10 kHz, wherein nonpolar solvents were
used to suspend the CNCs to avoid issues arising from the
high conductivity of water.122 When an electric field of
strength of 1200 V/cm was applied, the long axis of the CNCs
was oriented parallel to the direction of the applied electric
field. Habibi et al. used electric field alignment (2000 V/cm;
frequency: 104−106 Hz) to orient a cellulose nanocrystal
suspension.123 It was found that the strength and frequency of
the applied electric field greatly influenced the orientation of
cellulose nanocrystals (Figure 10).
A coupled mechanism of dielectrophoresis along with

convective shear-based assembly was used by Csoka et al. to
align CNCs.124 The dielectrophoresis used a low electric field
strength of 400 V/cm at a frequency of ∼2000 Hz. A shear rate
of 8.4 cm/h was applied to 2.5 wt % CNC suspensions
dispersed between mica substrates under the influence of an
electric field that oriented the CNCs. The coupled mechanism
resulted in greater alignment of CNCs compared with the
alignment using either technique separately.124 Alignment of
CNCs using apolar solvents under the influence of DC and AC
electric field systems were studied by Frka-Petesic et al.125

Nevertheless, the two configuration systems (DC and AC)
resulted in a similar order of magnitude of the electric dipole
moments (permanent and induced dipoles under the influence
of electric field) of CNCs. Even though alignment of CNCs
was demonstrated using an electric field,122 the use of toxic
solvents renders this method industrially undesirable.

3.5. Other Techniques for Aligning Cellulose Nano-
crystals. Many other techniques for aligning cellulose
nanocrystals have been reported in the literature, including

Figure 9. Comparison of storage moduli of cellulose-nanowhisker-
reinforced nanocomposites in the presence and absence of a magnetic
field. Reproduced with permission from ref 110. Copyright 2010
Springer-Verlag.
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spin-coating, dip-coating, electrospinning, freeze-drying,
etc.126−132 Nevertheless, these techniques again fail in
achieving the desired global alignment. High levels of
alignment of cellulose nanocrystals were achieved by unidirec-
tional freezing of nanocellulose dispersions:126 CNCs at 0.2 wt
% aligned in the freezing direction. A stronger resistance to
melting was observed from the directionally frozen nano-
cellulose network.126 Huan et al. fabricated reinforced PLA
fiber mats using electrospinning, wherein 20 wt % CNCs were
incorporated into the polymer matrix for electrospinning.127

The alignment technique was found to influence the porous
structure of the final composite and also resulted in the
production of fiber mats with a high degree of crystallinity
compared with mats made using random CNCs. Also,
enhancement of the thermal and mechanical properties of
the PLA composite was found with the aligned fibrous
structure.127 A similar use of cellulose nanocrystals for
reinforcement was reported by Song et al., wherein electro-
spinning was used to create aligned poly(vinyl acetate)
(PVA)/cellulose nanocrystal composites.128 High tensile
strength was observed for the aligned nanofibrous composite,
along with continuous birefringence, due to the nematic phase
of CNC.

Thin films of CNCs exhibiting iridescent color due to thin-
film interference (based on film thickness and refractive index)
were prepared by spin-coating CNCs onto reflective
substrates.129 The spin-coating conditions, including spin
speed (rpm), duration of spinning, and concentration of
CNC suspension used, are the main factors governing the
ordering of CNCs using spin-coating.130 Aligned CNC
templates prepared using spin-coating were used to orient
muscle cells (myoblasts) that aligned in the direction of the
aligned CNCs.131 The aligned CNCs for this purpose were
fabricated by spin-coating CNCs (tunicate-derived) onto a
glass slide coated with a cationic polyelectrolyte. Very poor
orientation of CNCs was observed for multilayer films of
CNCs with a cationic polyelectrolyte fabricated using a
combination of spin-coating and dip-coating techniques.132

Aligned CNC films using dip-coating have been reported in
the literature, wherein the orientation parameter was
controlled by the dipping shear action and dipping time.133

Nevertheless, this technique is not feasible for large-scale
production because of the weak degree of orientation obtained.
Stable oriented CNC layers were prepared using Langmuir−
Schaeffer (LS) and Langmuir−Blodgett (LB) methods with
the help of a cationic surfactant.134,135 Nonradial and uniaxial
alignment of CNCs was achieved using LB and LS techniques.
The surfactant after film deposition was removed using
chloroform.135 The alignment of CNCs using the LS technique
was mainly attributed to the self-assembly of CNCs resulting in
nematic configurations.134 However, as discussed earlier, none
of the reported techniques was successful in achieving perfect
orientation globally.
A new fascinating technology known as wrinkling technol-

ogy was recently reported in which wrinkles were created on
poly(dimethylsiloxane) (PDMS) substrates upon relaxation of
stretched PDMS after plasma exposure.136,137 The key factors
for wrinkle production were the plasma exposure time, plasma
power, strain conditions, and the type of substrates used.137 To
date in the field of alignment of cellulose nanocrystals, very few
studies have been reported with respect to alignment using
wrinkling technology. Nystrom et al. used different wrinkle
periodicities to align rod-shaped cellulose nanocrystals that
were transferred to a poly(ethylenimine) (PEI)-treated silica
surface using 1 μL of Milli-Q water in a so-called water-
mediated transfer process (Figure 11).138 The transferred
CNCs were aligned perfectly, showing global alignment order.
However, the study raises questions regarding the efficient
transfer of CNC particles to the intended substrate and also
the robustness of using PEI-coated substrates for CNC

Figure 10. AFM image showing the alignment of CNC films (tunicate
source) under the influence of an electric field with a strength of 10 V
and a frequency of 250 kHz. Reproduced with permission from ref
123. Copyright 2008 John Wiley and Sons.

Figure 11. Schematic diagram showing the use of wrinkling technology to align cellulose nanocrystals using a water-mediated transfer process.
Reproduced with permission from ref 138. Copyright 2014 Springer Science Business Media Dordrecht.
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alignment. A similar procedure for aligning CNCs was carried
out by Prathapan et al. to evaluate the wetting behavior of
water droplets on a cationic polyelectrolyte/aligned CNC-
coated glass surface.139 It was found that the contact angle
remarkably increased with surface structuring because of
pinning effects and higher contact angle hysteresis, thereby
facilitating an alternative constructive approach to surface
chemical functionalization of CNCs to achieve hydrophobic
surfaces (Figure 12).

4. CHARACTERIZATION OF ALIGNED CELLULOSE
NANOCRYSTALS

Once alignment of CNCs is achieved, it is very important to
confirm the alignment through various characterization
techniques, including morphological analysis, X-ray diffraction
(XRD) patterns, birefringence studies, and other spectroscopic
studies. The main focus of these techniques relies on
calculation of the alignment parameters that define the
alignment in a quantitative manner. Here, the current main
techniques to quantify and qualify the CNC alignment are
briefly reviewed to provide guidance for readers who would
like to explore this research direction.
Morphological characterization of aligned CNCs can be

achieved using imaging techniques like scanning electron
microscopy (SEM) and atomic force microscopy (AFM). Even
though other morphological characterizations like transmission
electron microscopy (TEM) and confocal microscopy could be
used to analyze the alignment, AFM and SEM have been
commonly utilized since the acquired images can be easily
processed to further quantify the CNC alignment using various
available imaging software packages. Fundamentally, SEM
records images based on the scattering of electrons incident on
the sample surface,140 while AFM on the other hand analyzes
the cantilever deflection based on the surface topography.141

Therefore, parameters for quantifying the alignment could be
calculated from these derived images. For example, using
OrientationJ,142 the degree of ordering can be quantified from
the SEM images, wherein the gray level in a local
neighborhood of SEM images can be used to analyze the
degree of ordering. During this process, the angle of
predominant orientation, αmax, is defined using the maximum
of the Gaussian distribution of the orientation angle α, which
corroborates the wrinkle direction.143 The degree of ordering
is then quantified by analyzing the deviation from this
predominant direction. On the other hand, periodic structures

with atomic accuracy could be characterized using Fourier
Transforms, a software that can be utilized once the image
scanning is completed in an AFM experiment.144 For
characterizing structure periodicity and surface anisotropy,
Arutyunov et al. has formulated an analytical method by which
space parameters like the texture direction index and texture
direction can be calculated from the Fourier transforms.145 To
define the surface topography of materials, power spectral
density (PSD) functions can be used.146,147 The distribution of
surface height with wavenumber can be detailed using PSD,
which uses the frequency domain of AFM images with the help
of Fourier transform theory.148 Thus, from the wavelengths
recorded in the surface spectrum, the orientation and
periodicity of surface features can be characterized.149

For analysis of aligned materials or periodic structures, the
wide-angle X-ray diffraction (WAXD) technique is widely
employed.150−155 The image scanning is carried out both
parallel and perpendicular to the sample surface, so as to
effectively analyze the effect of aligned features. The azimuthal
intensity profiles of the crystallographic lattice planes
(especially the 200 plane) are obtained from WAXD images
and used to quantify the degree of alignment of sample
structures.156 The orientation index π and orientation
parameter s reflect the degree of sample alignment: π/s = 1
corresponds to a perfectly aligned surface, whereas π/s = 0
refers to randomly oriented sample features.157 The details of
the calculation of π and s have been reported by Yao et al.158

The same concept of calculating orientation parameters has
also been used in small-angle X-ray scattering (SAXS).159

However, for crystalline periodic structures, WAXD is more
appropriate and consistent.
Calculation of the orientation distribution based on

refractive index differences and optical anisotropy can be
achieved using birefringence studies. For determination of the
refractive index, ellipsometry is commonly used, but its analysis
is limited to only low surface roughness.160 Chowdhury et al.
developed novel UV−vis spectroscopy-based optical measure-
ments for studying the birefringence of CNC materials.99 The
order parameter (Herman’s order parameter) for the sample
surface is calculated using the dichotic ratio, a comparison of
the bright- and dark-field intensities of the sample surface.161

The alignment order parameter calculation involves sample
characterization using the UV−vis spectrophotometer, wherein
the sample surface is kept between linear crossed polarizers.
Transmittance data are then collected with maximum intensity
in the bright field and dark field at 45° and 90° positions with
respect to the sample and the adjacent polarizers. Distinct
differences in the peak intensities at the 90° and 45°
configurations can be observed for aligned CNC films. The
maximum light intensity is observed for the aligned CNC
surface at 45°, whereas the total transmission from the 90°-
configured aligned CNC surface is a minimum.99

Other methods, including Raman spectroscopy,162 polarized
infrared spectroscopy,163 and polarized fluorescence micros-
copy,164 could be also utilized in determining the orientation
parameters in semicrystalline polymers. However, such
methods are not so frequently used because of the difficulty
in interpreting data to calculate the order parameter values.99

5. APPLICATIONS OF ALIGNED CELLULOSE
NANOCRYSTALS

In the above sections, we have discussed the different ways of
aligning CNCs and characterizing the alignment. This section

Figure 12. Schematic diagram depicting the increase in contact angle
on aligned cellulose nanocrystal coatings fabricated by wrinkling
method. Reproduced from ref 139. Copyright 2017 American
Chemical Society.
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will highlight the major current applications of these aligned
CNCs and also discuss their potential further applications. To
date, the main applications of aligned CNCs include enhancing
material strength, surface properties, structural color, and
biomedical applications.
A sustainable bioinspired nanocomposite based on aligned

CNCs with enhanced mechanical properties was demonstrated
by Wang et al.,165 where CNCs were aligned in a matrix of
carboxymethylcellulose using an effective drawing procedure
and significantly improved the strength of the assembled
nanocomposite. Cellular structures with tailored mechanical
properties could be achieved using anisotropic CNCs that are
shear-aligned using the 3D printing technique.166 Since the ink
for 3D printing is aqueous in nature, introducing hydrophilic
CNCs yields enhanced stiffness for the textured composites
along the printing direction. Shear-aligned cellulose nano-
crystal films were also used to fabricate microelectromechanical
systems (MEMS) with anisotropic mechanical and tunable
fluid-phase processing. The resulting device structures had
fracture sizes of 6 μm.167 These kinds of MEMS (Figure 13)

will find immense applications including medical, trans-
portation, and communication products. Wet spun fibers
were developed by mixing sodium alginate solution with
CNCs.168 The mechanical properties of the resulting fibers are
highly influenced mainly by the degree of alignment of the
CNCs, and these fibers could be used for applications such as
wound dressing, drug delivery, etc. Fe3O4/aligned CNCs were
incorporated as a reinforcing filler for rubber to create
anisotropic rubber nanocomposites.169 Under low magnetic
fields, CNCs were aligned in an epoxidized natural rubber
(ENR) matrix. Compared with the neat ENR, the aligned
nanocomposite showed a higher modulus and increment in
tensile strength. An attempt to biomimic natural silkworm silk
using a silk fibroin (SF) matrix incorporated with CNCs was
successfully carried out by Liu et al.170 via wet-spinning
assembly technology. Circular-shaped resultant fibers with
dense morphology had CNCs aligned along the fiber axis.
CNC-induced orientation and crystallization along with the
strong hydrogen-bonding interactions have been found to be
the main factors contributing to enhanced properties of the SF
matrix.
A potential application of CNCs as scaffolds for tissue

engineering was demonstrated by He et al.171 Directed cellular
organization was observed on the scaffolds prepared by
electrospinning (Figure 14), resulting in well-oriented CNCs
with cellulose nanofibers (aligned uniaxially). Such scaffolds
with unique cell orientation will have high utility in making
organs such as tendon, nerve, and artificial tissues. Bio-based
scaffolds with controllable pore structures were fabricated

using 3D printing of a cross-linked polymer network
comprising CNC-reinforced sodium alginate and gelatin.172

CNCs get aligned along the printing direction and facilitate 3D
printing of the polymer matrix by providing favorable
rheological properties. Such gradient pore structures with
nanoscale pore wall roughness facilitate optimal tissue
regeneration. In vivo cortical bone regeneration and collagen
assembly along with differentiation of human mesenchymal
stem cells (BMSCs) in vitro were investigated using bone
morphogenetic protein-2 (BMP-2)-loaded fibers of aligned
electrospun CNC/cellulose nanocomposite.173 Good biocom-
patibility was observed with such scaffolds, wherein alignment
of the cellulose fiber morphology governed the growth
orientation of the BMSCs. Magnetically aligned CNC-based
composite hydrogels were used to assess in vivo subcutaneous
tissue responses, protein adsorption, and cell adhesion in
vitro.174 A significant increment in cell adhesion was observed
with CNC loading, whereas protein adsorption had minimal
impact. These magnetically aligned hydrogels showed sig-
nificant fibroblast penetration irrespective of chronic and mild
acute inflammatory responses.
Zhao et al.175 developed a uniform and scalable CNC

microfilm (Figure 15a), that showed efficient photonic
property and was suggested to have potential utility in
interactive pigments and cosmetic applications. The excep-
tionally consistent optical microfilms were prepared from
discrete nanoliter sessile droplets. Biosourced photonic films
with a chiral optical response were fabricated using aligned
CNC films, which were oriented using 0.5−1.2 T magnets to
tune in suspension before assembling into films.176 Sustainable
photonic pigments in cosmetics, security labeling, and coatings
employ matte textures developed from these iridescent films
with powerful visual appearance. Naked-eye qualitative
detectability of vapors, a practical application for chemical
sensors, was successfully demonstrated using optical coatings
with layer-by-layer film stacking of CNCs.177 The nanorods
were aligned in the direction of axial centrifugation. By
adjustment of the layer deposition, transition of reflected
colors from blue to orange could be tuned or monitored. An
irreversible color variation at room temperature was observed
when vapors diffused into the coating surface. This irreversible
color response was highly dependent on chemical interface
interaction and diffusion of vapors into the coating. Chiral
CNC solid films with highly oriented layered morphology were
bioderived from a thin-capillary-bound CNC suspension

Figure 13. Photograph depicting the use of shear-aligned CNCs to
fabricate microelectromechanical systems (MEMS). Reproduced from
ref 167. Copyright 2018 American Chemical Society.

Figure 14. (left) Polarized light microscopy image of electrospun
cellulose nanofibers with CNCs. (right) Confocal laser scanning
microscopy image of the same fibers loaded with human dental follicle
cells. Adapted from ref 171. Copyright 2014 American Chemical
Society.
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(liquid-crystal phase).178 The interface between chiral and
isotropic phases was aligned perpendicular to the long capillary
axis because the drying process was confined by the capillary
space. The uniform layer morphology was obtained as a result
of a unidirectional anisotropic phase, promoted by the
anisotropic drying of water vapor in one saturated capillary
end. Uniform birefringence and a narrow optical reflectance
band were observed in the resultant chiral CNC films, opening
the door to several applications in bioderived photonic
nanomaterials due to the uniform morphology and structural
color. Surfactant-modified CNCs blended with PLA were
extruded into films wherein CNCs were aligned during
extrusion (self-assembly).179 The films showed intricate colors
due to the aligned assembly of CNCs at high concentrations,
observed between crossed polarizers. At an optimum
concentration of CNCs loaded into PLA matrix, the
mechanical properties of the resultant films were found to be
enhanced. CNCs were surfactant-modified so as to tackle the
compatibility with the PLA matrix, which is hydrophobic in
nature. A simple and controllable method of producing
birefringent films of CNCs was successfully carried out by
dip-coating aqueous suspensions of hydrolyzed filter paper on
glass substrates.180 Preferential alignment of CNCs was
facilitated by the dragging forces during film deposition.
Dynamic hybrid hydrogels with multidimensional birefrin-
gence were fabricated using CNCs with hydrodynamic
alignment by a shear-thinning phenomenon in the hydrogel
network.181 Once the external force is unloaded, the polymer
network relaxes faster than the CNCs, thereby preserving the
hydrodynamic alignment of CNCs in the relaxed hydrogel.
The orientation index of the CNCs is further enhanced by the
surface tension of hydrogels during the drying process, which
results in anisotropic behavior with tunable birefringence. This
approach facilitates the development of anisotropic micro-
structures of diverse xerogels like films and fibers without an
external mold because of the presence of boundaries in the
hydrogel network. Bioinspired films with photonic behavior

were prepared that biomimic floral striations.182 CNC films
with a microscopic wrinkled surface and cholesteric organ-
ization were synthesized using nanoimprinting lithography
assisted through evaporation, a molding technique that is used
to cast free-standing films of CNCs onto an oriented wrinkle
template. Optically tunable structural color along with short-
wavelength light scattering (induced by the morphology) was
observed with the resultant cellulose films. Such cholesteric
cellulose films with relief-wrinkled surfaces could be controlled
precisely, which could be used in creating microscopic
patterned images via engineering printing.
Patterned coatings of CNCs were used to accomplish high-

resolution inkjet printing (Figure 15b) on a hydrophobic
polystyrene (PS) surface.183 Uniaxially stretched PDMS was
surface-oxidized using plasma to create crack-free periodic
wrinkles with a wavelength of ∼850 nm. These wrinkled
elastomeric substrates were spin-coated with CNCs and then
stamped onto the PS surface using a tiny droplet of water,
thereby creating aligned CNCs on the PS surface. A decrement
in wettability was observed with aligned CNCs because the
increased local surface roughness facilitated pinning at the
liquid interface. When ink is printed on aligned-CNC-coated
PS, the bleeding of ink is prevented, which is a traditional
disadvantage of hydrophobic polymers for printing. Thus, roll-
to-roll manufacturing for industrial flexoprinting could be
achieved using this technology with suitable further mod-
ifications.
CNCs were aligned using a 3D printing technique wherein

aqueous inks composed of CNCs and xyloglucan were freeze-
cast.184 The resultant sample reflected the internal structure of
several wood species, thereby paving the way for the
development of renewable wood-based materials via additive
manufacturing technologies. Shear-based alignment of CNCs
was incorporated into an elastomer matrix, which showed a
reversible optical property when a mechanical stress was
applied (Figure 15c).185 This could be a potential application
for biosensors that work on the principle of external stimuli.

Figure 15. (a) Photograph of a flexible PDMS substrate with a CNC microfilm array. From ref 175. CC BY 4.0. (b) Upper left to right shows the
AFM images of polystyrene, polystyrene coated with random CNCs, and polystyrene coated with aligned CNCs. Their corresponding utility in ink
printing is depicted in the bottom images, which evidently show that aligned-CNC-coated PS prevents ink bleeding. Reproduced from ref 183.
Copyright 2019 American Chemical Society. (c) Cross-polarized photographs of CNC/elastomer composite samples showing interference colors
when elongated perpendicular to the direction of CNC alignment. Reproduced from ref 185. Copyright 2019 American Chemical Society.
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Aligned porous-structured foams with CNCs at two different
freezing temperatures were developed.186 The addition of
CNCs into a poly(vinyl alcohol) foam reduced the moisture
uptake. At −186 °C, a highly aligned porous foam structure
was observed along the direction of ice growth. The change in
freezing temperature could influence the unique features of
these foams, which could be of high utility in applications such
as thermal insulators and tissue engineering scaffolds. A CNC
emulsion was made into a fabric by spin-coating of the CNC
emulsion onto stretch-released PDMS, which is stacked
together after the film is peeled off from the PDMS surface.187

Such CNC fabric can function as a structured template to align
other nanoparticles. Self-assembled CNC particles above the
critical CNC concentration with chiral nematic ordering were
used in water-based lubricants as additives.188 CNC lubricants
at different concentrations were used to measure the
coefficient of friction and wear between a chrome steel ball
and a stainless steel shaft. Alignment of CNC rods was found
to improve the coefficient of friction and wear at a CNC
concentration of 2 wt %.

6. CONCLUSION AND FUTURE DIRECTIONS
Cellulose nanocrystals, a natural product, provide a path for
increasing sustainability in several applications, including
reinforcement of polymer matrices, drug delivery applications,
production of iridescent films, etc. Their abundant hydroxyl
groups provide the potential for surface functionalization that
can be used to tailor them for desired applications. To
recapitulate, the review initially discussed the production of
CNCs from primitive wood pulp and their general
applications. This helped us to set up the base for the main
focus of this review, where the different ways of aligning CNCs
to achieve desired surface and material characteristics,
quantification of the alignment using various characterization
techniques, and the reported major applications of such
aligned CNCs were extensively discussed. Irrespective of the
applications of aligned CNCs reported, their scalability for
large-scale production is still a concern, for which fundamental
studies on the alignment of CNCs need to be explored in more
depth. Cost effectiveness with minimum resource utilization
should be the ultimate goal while dealing with the end
applications of aligned CNCs.
Aligned CNCs as a template to grow muscle cells in a

unidirectional manner provide a great insight into incorporat-
ing CNC alignment into biomedical applications. Although the
biocompatibility of cellulose nanocrystals offers potential for
aligning cells, it is also a challenging avenue for future
investigation. For this we would require a large surface with
aligned CNC features, as the cell dimensions are normally in
the micrometer range instead of the nanometer range. Also,
wrinkle-free alignment methods could be used to make
graphene oxide (GO)/CNC composite materials wherein
aligned CNCs could be stamped over GO layers followed by
reduction of the GO using methods such as laser reduction.
This would enable the formation of unidirectional conductive
surfaces. Bridging between CNCs and GO could be facilitated
using simple ionic salts like calcium chloride. In addition, the
use of aligned CNCs for water droplet capture and retention,
due to its high average critical roll-off angle, could be explored
in future studies.
Another interesting aspect will be to investigate hierarchical

CNC structures for photonic applications. As an alternative to
the conventional PDMS wrinkling process (CNCs deposited

after wrinkling of PDMS), we could also try to deposit CNCs
on nonwrinkled PDMS using spin-coating and then wrinkle the
PDMS/CNC material to see whether CNCs are aligned better
than with the conventional method, avoiding potential pitfalls
of the current method. The use of aligned CNCs to detect and
sense biomolecules could be explored, along with using the
structure color generated from CNC alignment to sense
mechanical stress, all of which would contribute to the
development of flexible and wearable natural biosensors. These
future perspectives could also be applied with other forms of
cellulose such as cellulose nanofibers, bacterial cellulose,
surface-functionalized cellulose, etc., which are aligned in
different ways similar to what we have discussed for cellulose
nanocrystals.
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