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including sensors, actuators, secu-
rity labeling, encryption, anticounter-
feiting, and so on.[1,2] Diverse photonic 
structures have been reported, such as 
photonic crystals and Bragg stacks.[3,4] 
Generally, the iridescent colors produced 
by photonic crystals or Bragg stacks can 
be altered by changing either the parti-
cles’ size, the spacing among particles 
in photonic crystals, or the thickness 
of overlapped layers in a Bragg stack in 
response to a stimulus.[5]

Among them, chiral nematic liquid 
crystals with the ability to self-assembly 
into helical structures can selectively 
reflect the incident light.[4,6] Typically, 
cellulose nanocrystals (CNCs), derived 
from biomass via sulfuric acid hydrol-
ysis or 2,2,6,6-tetramethylpiperidinyloxy 
(TEMPO)-mediated oxidation, possess 

the intriguing ability to self-assembly into a chiral nematic 
liquid crystals phase in sufficiently concentrated solutions.[7,8] 
Aqueous CNCs suspensions can be turned into iridescent solid 
films with a left-handed helical structure upon air-drying. The 
reflected light with certain wavelengths by solid CNCs films 
could be controlled by changing the helical pitch in suspen-
sions via introducing electrolytes, varying the evaporation rate 
and substrates, coassembly of CNCs with polymeric networks, 
applying sonication, mechanical shearing, electrical or mag-
netic field.[9–11]

In order to use the photonic properties of CNCs, many 
efforts have been devoted during the past few years to devel-
oping the uniform long-range helical order and homogeneous 
structure color by manipulating the pitch size and the chiral 
nematic organization in solid CNCs films. Various nanocom-
posite hydrogels,[4] films,[11] and elastomer[8] have been pre-
pared in previous studies by evaporation-induced self-assembly 
(EISA) of CNCs together with various polymers. However, the 
procedures of EISA are highly sensitive, sophisticated and 
often require long time to concentrate a CNCs suspension to 
the desired concentration of above 10 wt%. In addition, various 
techniques, such as electromagnetic field and circular shear 
flow, also proved to facilitate chiral nematic alignment and 
improve the uniformity in helix orientation.[10,12] Despite these 
advances, most of color changes can only be realized in aqueous 
suspensions via the alteration of the pitch sizes of helical 
structures, which also limit their applications as solid optical 
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Photonic materials can manipulate light by prohibiting 
propagation of certain wavelengths, thus generating struc-
ture colors and optical properties for photonic applications 
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components. It is still highly challenging to use CNCs for the 
fabrication of photonic materials with homogeneous color for 
photonic applications, in particularly because of the lack of a 
continuous, modularly implementable and efficient technique 
for the adjustment of the interference colors in a broad range.

In addition to the achievement of single uniform interfer-
ence color, the incorporation of multiple interference colors 
as individual bordering patterns is a further challenge. Only 
a few studies reported the production of photonic patterns in 
CNC-based films, e.g., by using heat to produce areas with dif-
ferent thickness,[13] differential evaporation to regions,[14] sol-
vent-assisted soft nanoimprint lithography,[15] using diverse sol-
vents as inks[16] or by forming a CNCs film with gradient color 
through masked evaporation.[17] However, the patterns in these 
CNCs films showed the relatively low resolution with limited 
colors, and the processes were also extremely hard to control. 
These drawbacks limited the application of patterned CNCs 
films in optical encoding and encryption of information, so that 

still no report about precise and effectively useful coding based 
on the patterned CNCs films is known up to now.

Herein, we developed a novel and cost-efficient approach to 
tune the uniform interference colors by stacking the nanocom-
posite films in piles. These nanocomposite films with aligned 
CNCs can be modularly piled with desired rotation angles to 
adjust the final colors owing to the rotated directions of CNCs 
relative to each other. To the best of our knowledge, it is the 
first time to realize the patterned CNC-based nanocomposite 
films with clear boundaries of various facilely adjustable and 
uniform interference colors. These modular nanocomposite 
films further showed their potential for various applications as 
photonic materials, such as for encryption of information.

The detailed process for the preparation of composite films 
containing CNCs was schematically illustrated in Figure 1a. In 
the first step, the composite films with highly ordered CNCs 
were prepared via the mechanical stretching and air-drying of 
dynamic hydrogels with polyacrylamide (PAM) as matrix that 

Figure 1.  Fabrication of CNCs composite films with uniform and tunable interference colors. a) Schematic illustration for the two-step approach for the 
preparation of photonic CNCs composite films with uniform and tunable colors: (1) preparation of single CNCs composite films via the hydrodynamic 
alignment of CNCs in the dynamic hydrogels under stretching and further confined assembly during air-drying process. (2) Color manipulation by 
stacking and rotating the CNCs composite films in piles. b) Photos of the as-prepared hydrogels crosslinked using dynamic covalent bonds and the 
film after stretching and air-drying. The POM image shows the uniform color of the middle area of the composite film. The laser scanning microscope 
image exhibits the smooth surface of the composite film. c–e) POM images of the CNCs composite films with various concentrations of c) CNCs,  
d) stretching ratios (ε), and e) width/thickness ratios (WTR).
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was crosslinked via dynamic covalent bonds formed by dopa-
mine methylacrylate (DMA)/3-(acrylamido) phenylboronic acid 
(PBAAm).[18,19] In the second step, the arrangement of CNCs in 
the multilayer material system was tuned by stacking the CNCs 
composite films in piles and regulating the rotation angles 
between them, resulting in the composite films with vivid and 
tunable interference colors.

To be precise, the dynamic hydrogels were prepared by in 
situ polymerization of acrylamide in the basic buffer with phe-
nylboronic acid/catechol complexes as dynamic crosslinkers 
in the presence of anisotropic CNCs (Figure 1a and Figure S1,  
Supporting Information). The monoborate ions reacted 
with cis–diol to form dynamic borate ester complexes. Dif-
ferent from the traditional EISA of CNCs films, mechanical 
stretching was used to prealign CNCs in the hydrogels. These 
dynamic hydrogels exhibited elastoplastic behaviors during 
the uniaxial stretching.[18] During the following air-drying pro-
cess, the surface tension further enhanced the orientation of 
CNCs in the confined geometry, leading to composite films 
containing CNCs as illustrated in Figure  1a. The anisotropic 
CNCs used here were prepared via TEMPO-mediated oxidation 
according to previous report.[18] They had diameters ≈10 nm and 
lengths of 100–200  nm. In addition, these CNCs contain car-
boxyl groups of 1.50  ±  0.02  mmol g−1 and aldehyde groups of 
0.12  ±  0.02  mmol g−1 on the surface, giving rise to their good 
dispersion in neutral or weak basic aqueous solutions. The 
loading amount of CNCs in the hydrogels was tuned between 0 
and 3 wt%. After the preparation of the dynamic hydrogels, they 
were further stretched and dried in air for films (Figure 1b). The 
surface of obtained composite films was generally very smooth 
with root-mean-square roughness (Rq) of 1.33 µm, according to 
the laser scanning microscopic (LSM) analysis (Figure  1b and 
Figure S2, Supporting Information). Such flat composite films 
generally had high transparency of up to 70% in the wavelength 
range of visible light (Figure S3, Supporting Information). The 
transparency of films decreased with the increasing thickness of 
the original hydrogels and therefore resulting films. Different 
from other strain-induced alignment of CNCs in elastic polymer 
matrix, the aligned CNCs were stabilized in the relaxed polymer 
matrix due to the much faster relaxation of polymer networks 
than CNCs after unloading the external force, as reported in 
our previous work.[18] In particular, these relaxed PAM chains 
will not generate any interference color, so that only aligned 
CNCs within the polymeric matrix are the sources for it. It 
should be noted that the vivid interference colors shown by 
composite films were only visible between the crossed polar-
izers (Figure  1b). Compared to other studies, the uniform and 
tunable interference colors presented by the composite films 
are only based on the physically organized CNCs, without any 
interference of aligned polymer chains or stressed matrix. Thus, 
the interference colors we observed are only attributed to the 
light retardation caused by the oriented CNCs. These interfer-
ence colors reached the maximum intensity with the stretching 
direction fixed at 45° against polarizers. The incident light was 
completely blocked, when the stretching direction was parallel 
or perpendicular to the polarizers (Figure S4, Supporting Infor-
mation), indicating the anisotropic arrangement of CNCs in 
the films along the stretching direction. The interference color 
became more obvious with increasing CNCs contents from 1 to 

3 wt% in original hydrogels (Figure  1c). The content of CNCs 
could only be enhanced to a certain value due to the aggregation 
of CNCs, generally less than 5 wt% CNCs (Figure S5, Sup-
porting Information). Therefore, the concentration of 2 wt% 
CNCs in the dynamic hydrogels was chosen for the subsequent 
experiment. More importantly, the interference color was readily 
adjusted by changing the stretching ratios (ε) and width/thick-
ness ratios (WTR) (Figure 1d,e). When ε increased from 8 to 16, 
the interference color of the composite films tuned from red to 
violet, showing the promoted alignment of CNCs in the films. 
Moreover, the interference color of the composite films changed 
gradually from red through blue/green to yellow with increasing 
WTR, indicating the weakened alignment of CNCs.[18]

In addition to the parameters during the preparation of dried 
composite films, we found that these single composite films 
could be stacked in piles with certain rotation angles to tune the 
light retardation and thus the interference colors. Thus, these 
films generally demonstrate as single modular components for 
further material design. As presented in Figure 2a, for the specific 
operation, these piled CNCs composite films showed vivid inter-
ference colors in broader ranges between the crossed polarizers 
(Figure  2b). To make sure that the films remain in the desired 
position, each film was fixed on glass slide that does not generate 
interference color. By increasing the stacking thickness from 0.12 
to 1.08 mm, the piled CNCs films in the middle area showed clear 
and uniform interference colors, which changed within a much 
broad color range from gray-black through red and green to yellow 
green. The corresponding diagram of Commission International 
de L’Éclairage (CIE) chromaticity coordinates of obtained colors 
showed that a broad color range was achieved using piled CNCs 
composite films (Figure 2c). In addition, the corresponding UV–
vis–NIR spectra were red-shifted with increasing stacking thick-
ness (Figure S6, Supporting Information), which further proved 
the similar changes of the interference colors from gray-black to 
yellow green. These diverse interference colors were primarily 
because of modified light retardations, which are accumulated 
phase difference between light vibrating perpendicularly and par-
allel to the films containing aligned CNCs. Larger thickness of 
stacked CNCs composite films enhanced the light retardation due 
to the presence of more CNCs in the propagation pathway of light 
(Figure 2d). The light retardation can be described by the birefrin-
gence, which is generally quantified as the maximum difference 
between refractive indexes exhibited by anisotropic materials. In 
line with rising light retardation, the birefringence for the stacked 
CNCs films with larger thickness from 0.12 to 1.08 mm increased 
from 0.0005 to 0.001 (Figure 2d).

Moreover, the retardations of the piled CNCs films were 
almost the sum of those of the individual CNCs films (Table S1,  
Supporting Information). By changing the order of the piled 
CNCs composite films, the corresponding light retardation 
and birefringence only slightly changed (Table S2, Supporting 
Information). Consequently, the interference color nearly main-
tained for the same thickness of piled CNCs composite films 
independent on the order of stacking films (Figure S7, Sup-
porting Information). This fact further confirms the critical role 
of the amount of CNCs in addition to the alignment of CNCs 
within the matrix in the propagation way of light, which pre-
dominantly affect the light retardation. To change the amount of 
CNCs in the light pathway and thus the retardation (Figure S8, 
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Supporting Information), CNCs composite films with distinct 
amounts of CNCs can be used, which were derived from the 
different initial concentrations in the hydrogels. It is obvious 
that such piled composite films with equal thickness showed 
modified and tunable interference colors from orange to green 
(Figure  2e). This also provides another choice to change the 
amount of CNCs for the films with desired colors. Therefore, 
these single CNCs composite films can be modularly used by 
arbitrarily stacking them together to achieve desired light retar-
dations and thus interference colors. A broad range of inter-
ference colors can be obtained by facilely combining these 
CNCs composite films, providing a simple and highly efficient 
approach for the photonic materials. As shown in Figure S9 
(Supporting Information), the interference color of the upper-
case letter “F” was easily tuned by increasing the layers of 
CNCs films under the crossed polarizers, which demonstrated 
the promising potential of such materials for energy-efficient 
displays, instead of using active light-emitting elements.[2]

Therefore, based on the fact that the interference colors can 
be manipulated by altering the amount of CNCs in the light 
pathway, we can prepare composite films containing patterned 

regions showing diverse interference colors within one film 
(Figure 2f–h). These patterned regions with diverse thicknesses 
were prepared using patterned hydrogels containing regions 
with different thicknesses or widths (insets in Figure  2f–h). 
After stretching and air-drying, the CNCs composite films con-
tained striped regions presenting distinct and vivid interfer-
ence colors. For instance, Figure 2f illustrates such a patterned 
CNCs composite film originating from a patterned hydrogel 
containing stripes with different thicknesses of 2 and 3 mm but 
the same width of 5 mm. After stretching and air-drying, these 
two stripes generated distinct thicknesses of 350 and 400 µm, 
as measured using 3D LSM (Figure 2g), leading to totally dif-
ferent interference colors. Therefore, CNCs composite films 
with patterned multicolors were obtained by regulating the 
thickness and width of the integrated stripes within the ini-
tial patterned hydrogels (Figure  2h). In addition, the width of 
the stripes significantly affected the final interference colors, 
based on the effect of distinct WTR (Figure 1e). As displayed in 
Figure 2h-ii,iv, the stripes of the hydrogels with the same thick-
ness (3 mm) but diverse widths of 5 and 3 mm showed totally 
different interference colors as orange and blue colors after 

Figure 2.  Interference color manipulation of the CNCs composite films piles via changing the thickness of the stacked films. a) Schematic illustration for 
the experimental setup of stacked CNCs composite films. b) Color evolution with the increasing thickness of the CNCs composite films pile from 0.12 
to 1.08 mm. c) Color changes presented at a standard CIE-1931 color space. d) Light retardation and birefringence of CNCs composite films piles with 
various thicknesses. e) POM images of composite films piles with different CNCs concentrations. f) Patterned CNCs composite films with two colored 
strips fabricated from the hydrogel by controlling the thickness and width. The inset at the corner showed the cross sections of the initial 3D patterned 
hydrogel with the thicknesses of 2 and 3 mm and the width of 5 mm. g) 3D LSM image of the patterned CNCs composite film in (f). The inset shows 
the height profile of the patterned film. h) Patterned CNCs composite films with various thicknesses and widths. The insets show the cross section of 
the initial 3D patterned hydrogels with various thicknesses and widths. The numbers denote the thickness of the corresponding patterns of dried films.
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stretching and air-drying, respectively. It should be noted that 
it is the first time to fabricate such patterned CNCs composite 
films with clear boundaries of distinct and uniform interfer-
ence colors within one film starting with patterned hydrogels, 
which demonstrates an efficient and facile approach to prepare 
multicolor materials for potential applications in artificial intel-
ligence and smart materials.[20,21]

In addition to adjusting the amount of CNCs by altering 
the total thickness of piled CNCs composite films, the rela-
tive organization of CNCs in the individual films can be 
tuned by stacking the films with certain rotation angles 
(Figure 3a). Here, two groups of piled CNCs composite films 
were selected to exhibit the distinct evolution of the interfer-
ence colors, including one group of piled films with huge 
thickness difference and the other group of piled films with 
similar thickness.

As illustrated in Figure  3b with two CNCs films with sig-
nificantly different thicknesses, the interference colors of piled 
films exhibited color development in a broad range depending 
on the rotation angles. While rotating the film B (0.395  mm) 
with fixed film A (0.244 mm) from 0° to 180°, the interference 
color of the stacked CNCs composite films between the crossed 
polarizers changed from fuchsia to light yellow and then turned 
back to fuchsia. Moreover, the light retardation of the stacked 
films is around 531 nm at 0°, which is almost the sum of those 
of the individual CNCs composite films (62 nm for film A and 
418 nm for film B). Figure 3c further reveals a strong decrease 
of light retardation from 531 to 141 nm by increasing the rota-
tion angle from 0 to 45°, and increased evidently with the rota-
tion angle increasing to 90°. The corresponding birefringence 
also showed the same tendency. Besides, the light retardation 
and birefringence were almost symmetrical by the rotation 

Figure 3.  Interference color manipulation of piled CNCs composite films via changing the rotation angles. a) Schematic illustration of stacked CNCs 
composite films with rotation angles from 0° to 180°. b) Color evolution with increasing rotation angles of two stacked films with thickness of 0.244 mm 
(A) and 0.395 mm (B). c) Corresponding light retardation and birefringence of the stacked films in (b) with various rotation angles. d) Detailed color 
evolution of two stacked films with both thickness of 0.4 mm with the increasing rotation angle from 0° to 90°. e) Light retardation and birefringence 
of stacked CNCs composite films in (d) with rotation angles from 0° to 90°. f) Vector graphic illustration of the effect of rotation between two stacked 
CNCs composite films on the interference colors. Eeff: the effective alignment extent of the CNCs in the composite films at 45° against crossed polar-
izers. g) Demonstration of stacked CNCs films with changing rotation angles for the application as a colorful countdown clock. Scale bar: 1 mm.
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angle of 90°. Therefore, the development of the interference 
colors of piles films with the rotation angles between 0° and 
90° should be the same as those of piles films with the rotation 
angles between 90° and 180°.

Another group of piled films using two single CNCs films 
with similar thickness of ≈0.4 mm showed more vivid and mul-
tiple colors from green through orange and finally to gray, while 
changing the rotation angles between 0° and 90° (Figure  3d). 
The interference colors turned back to green with steadily 
higher rotation angle from 90° to 180°, as demonstrated in the 
corresponding CIE in Figure S10 (Supporting Information). 
The light retardation of the CNCs films pile (383 nm for film A 
and 292 nm for film B) is around 694 nm at the rotation angle 
of lower than 5°. In comparison, the light retardation dramati-
cally decreased to 150 nm, when the rotation angle was raised 
to 10°. This dramatic reduction of the light retardation and 
birefringence should be because of strongly reduced phase dif-
ference between light vibrating perpendicularly and parallel to 
aligned CNCs. Furthermore, the light retardation and birefrin-
gence further decreased with further enhancing rotating angle 
to 90°, which is different with the results in Figure 3c.

The effect of stacked CNCs films with diverse rotation angles 
can be schematically explained using the vectors showing the 
alignment extent of CNCs in the composite films as illustrated 
in Figure 3f. Given that the CNCs film showed the maximum 
intensity of the interference color with the stretching direc-
tion fixed at 45° against polarizers, the direction at 45° against 
polarizers was set as the baseline and the alignment extent of 
CNCs in the films along this baseline was defined as the effec-
tive alignment extent (Eeff). Stacking more CNCs films with the 
orientation of CNCs in this direction will enhance the align-
ment extent that is presented as the sum of the extents derived 
from individual films (Figure S11a, Supporting Information). 
Therefore, the retardation and birefringence increased with the 
increasing stacking thickness (Figure  2d). On the other hand, 
by rotating one CNCs composite film (b) from the baseline 
to a specific rotation angle (θ), the alignment extent of film b 
(Eb) could be separated into two crossed alignment extents (Eb1 
and Eb2), which were parallel or perpendicular to the baseline, 
respectively (Figure  3f). Consequently, the effective alignment 
extent (Eeff) of two stacked films referring to baseline will be

E E E Eeff a b1 b2= + − 	 (1)

Due to the presence of diverse rotation angles (θ), formula (1) 
can be expressed with two specific forms as shown in formulas 
(2) and (3) (Figure 3f)

cos sin , 0,90eff a b bE E E Eθ θ θ )[= + ⋅ − ⋅ ∈ ° 	 (2)

cos sin , 90 , 180eff a b bE E E Eθ θ θ [ ]= − ⋅ − ⋅ ∈ ° ° 	 (3)

Based on these formulas, a few specific situations can be 
explained (Figure S11, Supporting Information). For instance, 
rotating film b to the rotation angle of 45° or 135°, the effective 
alignment extent (Eeff) of the pile will be only Ea (Figure S11b,  
Supporting Information). Therefore, the interference color 
of the pile at the rotation angle of 45° and 135° was the same 
as the interference color of film a (Figure  3b). In a similar 

manner, rotating film a to the rotation angle of 45° or 135°, the 
interference color of the piles will only be the interference color 
of film b, as demonstrated in Figure S12 (Supporting Informa-
tion). Moreover, Eeff at the rotation angle of 90° is the differ-
ence between Ea and Eb, which is however highly dependent 
on their relative light retardation (Figure S11c,d, Supporting 
Information). When Ea was much lower than Eb, Eeff at 90° 
will be much higher than that at 45°, producing higher light 
retardation as proved in Figure 3c. Otherwise, Eeff at 90° will be 
the lowest resulting in the lowest light retardation (Figure 3e). 
Therefore, rotating one CNCs composite film of the piled films 
to regulate the arrangement of CNCs can be used to adjust the 
interference color in a facile manner with the great upscaling 
potential, and the organization of the individual CNCs film also 
plays an important role for the final interference colors of the 
piled films with certain rotation angle. The direct visualization 
can be applied in many fields, such as sport, parking, catering, 
and other service industry. For instance, the piled CNCs films 
can be used as countdown clock for visualization (Figure  3g). 
By regulating the rotation angles of the film “B,” yellow, green 
and red color were obtained to represent remaining 15, 8, and  
2 min, respectively.

Being able to arbitrarily control the interference colors 
of the CNCs composite films as modular components by 
altering the pile thickness and rotation angle, we developed 
an optical security system based on the patterned CNCs films  
(Figures  2f–h  and  4). In the accounting system, the binary-
coded decimal (BCD) is a system of writing numerals that 
assigns a four-digit binary code to each digit of 0 to 9 in a 
decimal numeral.[22] Similar as BCD, we developed a ternary-
coded decimal system using our piled CNCs composite films 
with three individual interference colors (black, gray, and 
orange referred to as digit 0, 1 and 2, respectively).

Ten four-digit ternary codes, represented by the four colorful 
squares, can be defined as each decimal numeral of 0–9, as 
illustrated in Figure 4a. The four colorful squares can be real-
ized by stacking and rotating the CNCs composite piles, as 
proved in Figure 4b. By stacking two patterned CNCs composite 
films with the rotation angle of 90°, the square patterns with the 
three individual colors were obtained due to diverse alignment 
extents of CNCs. Due to the presence of two patterns in each 
CNCs composite film, piled films formed two intersections 
with four squares. The corresponding POM images of the two 
intersections exhibited distinct and specific interference colors 
in each square due to diverse alignment extents (Figure S13a,b,  
Supporting Information).

These patterned CNCs composite films can be further used 
as modular components to achieve various square patterns by 
simply combining the CNCs composite films (Figure S13c,e, 
Supporting Information). It is also obvious that the squares 
with the same piled films generated equal interference color. 
Therefore, those ten patterned CNCs films piles are used as the 
fundamental building blocks for the decimal numerals for fur-
ther programming. The numbers can be directly read according 
to the colors of the CNCs film piles. For instance, the combi-
nation of two colorful squares in Figure  4c can be translated 
into two numerals 6 and 4, leading to the number 64. By freely 
combining the fundamental elements, more complex informa-
tion can be encoded (Figure  4d). Moreover, every number can 
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be encrypted by combining these fundamental building blocks 
and the data pool can also be simply enlarged by incorporating 
more patterns with more color combinations.

Based on this ternary numeral system, the building blocks of 
CNCs film piles encoding 0–9 were used to construct a 3D QR 
code, which contain the desired digital information (Figure 4d). 
Compared with the traditional QR code with two interference 
colors of black and white, 3D QR codes with various colors are 
much more precise and secure. Importantly, the fundamental 
building blocks can be endowed with more interference colors 
by changing the WTR, ε, and thickness of the patterned CNCs 
composite films, which will further improve the capacity of 
coding system. Therefore, such ternary-coded decimal systems 
with distinguishable and exactly programmable colors show 
big potential in information transfer or encryption fields.[21,23] 
To our best of knowledge, this is also the first example to use 
patterned CNCs composite film with uniform and tunable 
interference colors for precise and effective security system and 
encryption.

In summary, we found that composite films with organized 
CNCs showing uniform and tunable interference colors can be 
used for precise and effective security system and encryption. 
We developed a novel facile method by piling CNCs composite 
films to alter the amount of CNCs in the propagation pathway 
of light or by altering the rotation angles between the individual 
films to change the relative organization of CNCs. In particular, 

a broad color range was achieved by using CNCs composite 
films with diverse thicknesses and concentrations of CNCs as 
modular components, and the interference colors were also 
tunable by changing the rotation angles between individual 
CNCs composite films. This simple but efficient new method 
provides an alternative way for the development of optical mate-
rials by only modifying the relative organization of CNCs in the 
propagation pathway of light in addition to existing methods, 
such as those based on photonic crystals. These CNCs com-
posite films with tunable interference colors can be applied for 
various fields, such as optical encryption, and pave the way of 
using anisotropic nanostructures for photonic functional mate-
rials including optical coding.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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