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extracellular membrane surpass most 
common synthetic polymer films, such 
as polyethylene (PE), polypropylene, and 
poly(ethylene terephthalate).[2] The cuticle 
system is a layered structure that com-
prises, amongst others, an upper epicu-
ticular wax layer and a layer containing 
cutin polyester and wax blended with cell 
wall polysaccharides, such as cellulose 
and pectin, see Figure 1.[3] The hydro-
phobic cutin polyester structure, closely 
resembles that of PE, due to the long 
alkane chain monomeric units (10,16-dihy-
droxyhexadecanoic acid and 16-hydrox-
yhexadecanoic acid in the C16 family, and 
18-hydroxy-9,10-epoxyoctadecanoic acid 
and 9,10,18-trihydroxyoccadecanoic acid 
in the C18 family are predominant).[4] The 
barrier properties of cutin polymer mem-
branes depend on the polyester chain 

packing, crystallinity, and cross-link density (with glycerol: 
natural crosslinker in plants). Many efforts have been devoted 
to produce synthetic cutin membranes with controlled crystal-
linity and cross-link density to tailor physical properties, most 
importantly, achieving adequate barrier and mechanical proper-
ties to design sustainable materials.[5]

Cellulose nanocrystals (CNCs) are unique due to their 
intrinsic ability to self-assemble into nanophotonic structures 
with distinct structural colors.[6] This characteristic property of 
structural colors has found its use in several fields including 
sensors (polarization sensor[7] colorimetric sensor for the 
detection of gases[8] and humidity sensor[9,10]), optical anti-
counterfeiting systems[11] decorative coatings[12] colored radia-
tive cooling[13] and rewritable papers.[14] The structural colors 
in CNC-based films are a consequence of constructive inter-
ference (Bragg's law) of reflected light, and by controlling the 
 cholesteric pitch (the distance of a full-turn period), certain 
wavelengths will be reflected only.[15,16] The height of the pitch 
can be fine-tuned by intercalating molecules, such as glucose,[16] 
poly(ethylene glycol)[10] polyacrylamide,[9] hydroxypropyl cel-
lulose,[17] glycerol,[18] polyethylene glycol diacrylate,[19] and this 
will result in different reflected colors. In the present study, glu-
cose was used to modulate the pitch. The helical CNC arrange-
ment and pitch are, however, sensitive to water up-take, which 
swells the material and increases the pitch.[10] This is due to the 
hygroscopic properties of glucose and CNC-based materials. 
Moreover, we selected glucose as a model molecule due to its 
moisture sensitivity, that is, exposure to moisture might induce 

Photonic films based on cellulose nanocrystals (CNCs) are sustainable 
candidates for sensors, structurally colored radiative cooling, and iridescent 
coatings. Such CNC-based films possess a helicoidal nanoarchitecture, which 
gives selective reflection with the polarization of the incident light. How-
ever, due to the hygroscopic nature of CNCs, the structural colored material 
changes and may be irreversibly damaged at high relative humidity. Thus, 
moisture protection is essential in such settings. In this work, hygroscopic 
CNC-based films are protected with a bioinspired synthetic plant cuticle; a 
strategy already adopted by real plants. The protective cuticle layers altered 
the reflected colors to some extent, but more importantly, they significantly 
reduced the water vapor permeance by more than two orders of magnitude, 
from 2.1 × 107 (pristine CNC/GLU film) to 12.3 × 104 g µm m−2 day−1 atm−1 
(protected CNC/GLU film). This expands significantly the time window of 
operation for CNC/GLU films at high relative humidity.
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1. Introduction

The protective outer cuticle membrane, present on all above-
ground organs of plants such as leaves and fruits, is a vital 
transpiration barrier that regulates water loss between plants 
and the atmosphere – without it these would suffer from lethal 
wilting and/or shrinking.[1] The water barrier properties of this 
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the growth of glucose crystals in CNC/GLU films. Hence, there 
is a need to protect these materials from water in order to avoid 
variable structural colors when in operation in ambient condi-
tions. Indeed, the relative humidity will vary between night and 
day, and also seasons.[20]

In the present study, we take a cue from nature and protect 
structurally colored CNC/glucose films from moisture by intro-
ducing a synthetic cuticle coating on top of the films’ surfaces. 
The films’ morphology and structural colors were investigated 
with optical microscopy, scanning electron microscopy, and 
UV–vis spectroscopy, and the moisture barrier properties were 
measured with the cup test and compared with those obtained 
for the uncoated films.

2. Experimental Section
2.1. Materials

D-(+)-Glucose (GLU) (purity ≥ 99.5%), 16-Hydroxyhexadecanoic 
acid (HHA) (98%), and glycerol (>99%) were obtained from 

Sigma–Aldrich. Microcrystalline cellulose MCC Avicel PH-200 
was bought from DuPont and sulfuric acid (95–97%) was sup-
plied by Merck. All chemicals were used as received.

2.2. Preparation of CNCs

Cellulose Nanocrystals were prepared using the protocol 
reported in our previous work[16] with some slight modifications. 
20 g of MCC was hydrolyzed for 75 min at 45 °C with intense 
magnetic stirring using sulfuric acid (247  g of 64  wt.%). Sub-
sequently, the reaction was quenched by diluting the reaction 
medium with tenfold Milli-Q water and the resultant suspen-
sion was unperturbed overnight. The next day, the supernatant 
(≈1 L) was discarded and the remaining sediment was ultra-
sonicated with a 90% amplitude for 2 min (1/2-inch tip, Vibra-
Cell VCX 750, Sonics & Materials), followed by centrifugation at 
15 000 rpm (rcf = 26 964 g, SORVALL RC 5B PLUS centrifuge, 
Fiberlite F21-8 × 50y rotor) for 5 min. The supernatant was dis-
carded and the remaining sediment in the centrifuge tubes was 
redispersed in Milli-Q water. This centrifugation procedure was 
repeated thrice, after which only the supernatant was collected 
and dialyzed using a cellulose membrane tube (14 kDa mole-
cular weight cut-off) for 10 days. Then, the dialyzed suspension 
was filtered using a Whatman Grade 541 filter paper. The CNC 
suspension was concentrated to 3.2 wt.% with a surface charge 
of 0.37  mmol  g−1, measured using the procedure employed 
previously.[16]

2.3. Synthesis of Hydroxyhexadecanoic Acid – Glycerol 
Copolymer

The polyester was synthesized as described previously by 
Singha et  al.[4] Briefly, 150 mg of 16-hydroxyhexadecanoic acid 
monomer was reacted with glycerol (Gly) at the molar ratio of 
HHA: Gly = 3:1. The HHA was melted in a round-bottom flask 
(at 110  °C) and glycerol was added to the melt, see schematic 
in Scheme 1. The mixture was stirred vigorously for 24 h at 
110 °C. The mixture was cooled and the solidified HHA-glycerol 
mixture was then ground to powder. The powdered mixture 
was heated at 150  °C in an oven for 24 h followed by cooling 
to room temperature. A second thermal treatment at 160  °C 
(24 h) was then performed and the crosslinked polymer, thus 

Figure 1. The plant cuticles form the outer barrier on leaves. The layered 
structure (TEM, transverse section) of the plant cuticle of a leaf (Clivia 
miniata). The cutin layer contains polysaccharides. The TEM micrograph 
is reproduced with permission.[3] Copyright 2000, John Wiley & Sons.

Scheme 1. Schematic representation of the subsequent synthetic protocols for realizing thick HG31 (HHA: Glycerol = 3:1) polyester films.
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obtained, was cut into pieces and stored for further processing. 
In the previous article it was referred to as HHA: Gly = 3:1, 
here we will use a shorter name HG31.

2.4. CNC/Glucose Film Preparation

2.4.1. Fabrication of the CNC/GLU (52/48) film

To 4.8 ml of 3.2 wt.% CNC suspension, 140 mg of glucose, and 
15.2 ml of Milli-Q water was added in a closed glass vial. The 
mixture was magnetically stirred for 16 h at room temperature. 
Then, the suspension was solvent-casted in a polystyrene petri 
dish (diameter: 6 cm) and dried in ambient lab conditions for 
3, 4 days.

2.4.2. Fabrication of CNC/GLU (39/61) film

To 1.6 ml of 3.2 wt.% CNC suspension, 80 mg of glucose, and 
8.4 mL Milli-Q water were added. The suspension, present in 
closed glass vials, was stirred magnetically for 16 h. Subse-
quently, the suspension was solvent-casted in a polystyrene 
petri dish and dried in ambient lab conditions for 2, 3 days.

2.4.3. Fabrication of Pristine CNC film

10 ml of 3.2 wt.% CNC suspension was solvent casted and dried 
in ambient lab conditions for 2, 3 days.

2.5. Preparation of HG31-Laminated CNC/GLU Films and Thin 
HG31 Films

The HG31 polymer was cut into small pieces and uniformly 
spread in circular molds of 3  cm diameter and 150  µm thick-
ness and sandwiched between steel plates with poly(tetrafluoro 
ethylene) (PTFE) anti-sticking sheets in between the material 
and the plate. The material was first heated to 150 °C for 10 min 
to melt the polymer, followed by hot-pressing (Fontijne Press, 
TP 400) at the same temperature (150 °C) for another 10 min at  
100 kN force. The obtained thick HG31 film is shown in Scheme 1.

2.5.1. Thin HG31 film fabrication

A thick HG31 film (150 µm) was subjected to 160  °C, 250 kN 
for 10 min using the same hot-press, compression plates, and 
PTFE sheets as described above, but without a mold. A temper-
ature of 160 °C was selected during hot-pressing because recent 
studies on similar polyester films showed that temperatures 
beyond 175 °C might cause degradation of the polymer through 
oxidation of the moieties on the surface.[32]

2.5.2. Fabrication of artificial cuticle laminated CNC/GLU film

Two of the thin (≈40 µm) HG31 films were used to cover each 
side of a CNC/GLU film (either a CNC/GLU = 52/48 or a CNC/

GLU = 39/61 film), and the sandwich structure was compressed 
further (25 °C, 250 kN for 10 min with the same hot-press, com-
pression plates and PTFE sheets assembly as described above) 
to create the synthetic cuticle coating.

2.6. Characterization

Scanning electron microscopy images were obtained at an 
accelerating voltage of either 3, 5, or 10 kV using a Hitachi 
S-4800 SEM equipment. Specifically, 5 kV was used for  
Figure 2f and 10  kV for Figure 4e. Cross-sectionally dissected 
samples were prepared by first freezing pristine pieces of CNC/
Glucose film, synthetic cuticle film, and the HG31-laminated 
CNC/Glucose films in liquid nitrogen for 5 min. Each frozen 
sample was then cut using a lancet. These cross-sectionally 
anatomized films were mounted on Al-stubs and subsequently 
sputter-coated with Pt/Pd (60/40) for a duration of 10 s resulting 
in a coating thickness of ≈1 nm, using a Cressington 208HR 
sputter coater equipment.

Polarized optical reflection measurements were performed 
at normal incidence using linearly polarized incident light only 
and a custom-made polarization-dependent micro-spectro-
scopic setup. The reflected light was collected from the camera 
port with an optical fiber (Thorlabs; 150  µm) core connected 
to a spectrometer (Ocean OpticsHR 4000, USA). Imaging was 
performed either using linearly polarized incident light or with 
two crossed linear polarizers. Samples were illuminated using 
a 50 W halogen lamp attached to a microscope (Nikon Eclipse 
L200N, Japan).

Polarized optical microscopy images in transmission mode 
between crossed polarizers (linearly polarized light) were 
obtained using a Leitz Ortholux II light microscope equipped 
with a 6.3× POL objective and a Leica DMC2900 Digital Micro-
scope camera. The sample was rotated counter-clockwise from 
0 to 135° using 45° steps.

Polarized optical microscopy images between crossed 
polarizers in reflection (linearly polarized light, images in 
Figure 2d,e,i) were obtained using a Leica DM750M (Leica, Ger-
many) microscope equipped with 5×, 10× and 20× POL objec-
tives and a Leica ICC50W camera.

UV–vis spectrometry measurements to obtain direct trans-
mittance, total transmittance (measuring both linear and scat-
tered components through the sample) and diffuse reflectance 
(illumination at 0°, angle of incident), and total reflectance 
(illumination at 8°, angle of incident) measurements were 
performed using a UV–vis spectrophotometer (Shimadzu UV 
2550). In the case of total transmittance and reflectance meas-
urements, an integrating sphere setup (model ISR-2200) was 
used. BaSO4 was used as the standard reference in the inte-
grating sphere setup and to perform the baseline correction. To 
calculate the absorptance (A(λ)), the total reflectance (R(λ)) and 
the total transmittance (T(λ)) was used:

A T R1λ λ λ( ) ( ) ( )= − −  (1)

To assess the influence of humidity on the direct transmit-
tance spectrum (Figure 2g), measurements were performed on 
a CNC/GLU (52/48) film mounted on a microscopy slide. The 
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film was first dried in a desiccator with silica gel for 2 weeks 
and directly measured (t = 0), then the specimen was placed at 
50 ± 2% RH and 22 ± 1 °C for 42 h and remeasured.

2.6.1. Water vapor transmission measurements

The films were equilibrated at 50 ± 2% RH and 22 ± 1 °C (cli-
mate room) for 30 h minimum before performing the water 
vapor transmission measurements. After the equilibration, the 
films were mounted in Payne cups (TQC Sheen) with a circular 
10 cm2 open area. In some cases, the exposed area of the films 
was reduced with aluminum masks (hole area: 5 cm2, MOCON 
Inc.). For the 0–50% RH measurement, 5 g of dry calcium 

chloride powder was placed inside the cup before mounting the 
film. Then the total weight was measured as a function of time, 
which was used to calculate the water vapor transmission rate 
(WVTR) and permeability (WVP). The increase in the weight 
of the cups, due to moisture absorption by the desiccant from 
the atmosphere, was noted to generate a plot of weight change 
versus time and a slope “n”. The WVTR and WVP were calcu-
lated using the following equations:

WVTR
n

A
=  (2)

WVP
WVTR l

p

·=
∆

 (3)

Figure 2. In a,b) photographs of CNC/GLU films with different compositions. c) Total transmittance spectra of the films in (a) and (b). Films were 
equilibrated at 50 ± 2% RH, 22 ±  1 °C. In d,e) POM images (crossed linear polarizers, reflection mode) of CNC/GLU films. In f) SEM image of a 
cross-section of a CNC/GLU film (52/48). In g) red-shifting of UV–vis spectrum due to moisture-induced swelling (increased pitch). At t = 0 h the 
film was dry. h) Long time exposure of a CNC/GLU film (39/61 (>6 months, ambient room conditions). i) POM image of one formed glucose crystal 
in the CNC/GLU film in (h).
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where A, l, and ∆p are the area, thickness, and water vapor 
pressure difference over the film. After the 0–50% RH meas-
urement, the film was carefully removed and kept separately 
and safely in the humidity room for equilibration at 50% RH 
for a minimum of 30 h. The CaCl2 was removed from the cup 
and the cup was cleaned and kept in the same room in a dust-
free place. Meanwhile, the cup was filled with 2 or 5 mL of 
water, which corresponds to a level of ≈1/4th of the height of 
the cup. After the equilibration, the films were again mounted 
in the cup and the mass change (due to the outflow of water 
from the 100% RH condition to the surrounding 50% RH envi-
ronment) was recorded as a function of time. The mass change 
was used to calculate the water vapor transmission rate and 
permeability. To account for that the water vapor pressure at the 
film surface differs from that (100% RH) over the water (due to 
the air gap inside the cup), the corrected WVTR (and WVP) was 
calculated as described in Gooding et  al.[33] All measurements 
were performed in at least duplicates and their average values 
were reported.

3. Results and Discussion

Two CNC/glucose (GLU) films with different structural colors 
were investigated in the present study: a green-colored (CNC/
GLU  = 52/48) and a red-colored (CNC/GLU = 39/61) film 
(Figure  2a,b). These were prepared via self-assembly under 
evaporation-driven conditions. Their UV–vis total transmit-
tance spectra are included in Figure  2c. The spectrum for 
a pristine CNC film without GLU can be found in the Sup-
porting Information (Figure S1, Supporting Information). The 
transmittance spectrum for the 84 ± 11 µm thick green film 
(CNC/GLU  =  52/48) exhibited a broad dip in transmission at 
≈510 nm. With increased glucose content (CNC/GLU = 39/61, 
film thickness 50 ± 3 µm), the pitch increased further, and a red 
shift in the transmission dip occurred, which is in concordance 
with previous studies on CNC/glucose films.[16] In Figure 2d,e, 

polarized optical microscopy (POM) images (linearly polarized 
light, reflectance mode) of the films are presented. Each film 
had a macroscopic dominating color (Figure  2), but for both 
films additional colors were present. The colored regions were 
separated by grain boundaries (Figure  2d,e). The presence of 
such different colors in a single film has been speculated to be 
due to spatial differences in the local helical axis orientation 
and/or deviations in the equilibrium pitch (Figure  2f).[21] Due 
to the hygroscopicity, the CNC-based films are prone to absorb 
moisture, which increases the pitch and causes a red shift as 
shown in Figure 2g. The moisture uptake is a function of the 
relative humidity and temperature, and for CNC films it is low 
below ≈60% RH (e.g., at 23  °C), but increases exponentially 
above this threshold.[22] Besides the change in pitch/color, we 
note that the moisture uptake at high relative humidity can 
rapidly trigger the crystallization of glucose (Figure  2h,i). The 
film in Figure 2h contained such glucose crystals, which were 
obtained after several months of storage (approximately June 
to February) at ambient indoor conditions. During that period 
the relative humidity reaches over 60% (July/August).[23] Hence, 
there is a need to protect films from high-moist environments. 
On the other hand, storage in dry conditions[24] or at ≈50% RH 
(7 weeks tested) and 21–22  °C did not alter the visual appear-
ance of the films.

To solve the moisture problem, we here laminated structur-
ally colored CNC/GLU photonic films between two thin syn-
thetic cuticle films. A systematic study was recently performed 
using 16-hydroxyhexadecanoic acid (HHA) and glycerol for 
synthetic cuticle synthesis.[4] In the present study, we exploited 
the findings in that study and specifically worked with the 
polyester film with an HHA: glycerol molar ratio of 3:1 for the 
synthetic cuticle membrane (here referred to as HG31), see 
Figure 3. This is due to the best  combination of mechanical 
flexibility and moisture barrier properties of the film attained 
at that composition.[4] Thick synthetic cuticle films were pre-
pared using a specific compression molding protocol (Experi-
mental section). These were then made thinner using an 

Figure 3. Synthesis of the HHA: glycerol polyester. Three possible reaction products are included. A fourth reaction includes one primary and one 
secondary glycerol alcohol reacting with HHA.

Adv. Mater. Interfaces 2023, 10, 2202112
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additional hot-pressing step (250 kN, 160 °C, 10 min) and two 
of the thin HG31 films were used to cover each side of the 
CNC/GLU film and compressed (see the schematic of the pro-
duction protocol in Figure 4a). The average thicknesses of the 
synthetic cuticle films were in the range of ≈30–40 µm, which 
rendered the coatings transparent (Figure S2, Supporting 
Information). In Figure 4b, a photograph of a thin HG31film 
is included demonstrating the flexibility of this film and the 
resulting polyester-coated CNC/GLU sandwich films are pre-
sented in Figure 4c,d. A sandwich cross-section observed with 
SEM (Figure  4e), disclosed the lamellar structure, with the 
CNC/GLU film surrounded by HG31 films. Visual compar-
ison of pristine CNC/GLU (52/48 and 39/61) photonic films 
(Figure 2a,b) and their subsequent coated sandwich structures 
(Figure 4c,d), revealed that on the macroscopic scale, the pre-
dominant color (green and red) was approximately the same 

before and after coating. This was further confirmed when 
studying the diffuse reflectance of the CNC/GLU films and the 
HG31-laminated CNC/GLU films (Figure 4f,g). The thickness 
of the CNC/GLU films was 75 ± 17 µm (52/48) and 43 ± 11 µm 
(39/61), whereas the thickness of the HG31-laminated CNC/
GLU films was 167  ± 19 µm (laminated, CNC/GLU  =  52/48) 
and 127 ± 15 µm (laminated, CNC/GLU = 39/61). The thick-
ness of the HG31 coatings (on each side) in these sandwich 
structures were 37  ± 8 µm (52/48) and 39  ± 10  µm (39/61), 
measured with a Mitutoyo thickness meter. Because the syn-
thetic cuticle layers were thin, the absorptance and total trans-
mittance of the coating was low and high, respectively, at 
wavelengths above ≈440 nm (Figure 4h; Figure S2, Supporting 
Information). The rough surface of the synthetic cuticle mem-
brane, as a consequence of the pressing procedure, is shown 
in Figure S3 (Supporting Information).

Figure 4. a) Illustration of the lamination process where the CNC/GLU film is sandwiched between thin HG31 films. b) Photograph of a thin HG31 
film. c,d) Photographs of the HG31-laminated CNC/GLU films and e) SEM image of a cross-section of a laminated CNC/GLU film (CNC/GLU: 52/48). 
The white arrow points to the CNC/GLU film and the black arrows point at the HG31 layers. Diffuse reflectance spectra (integrating sphere) of f) CNC/
GLU films and g) CNC/GLU films laminated with HG31 films and a neat HG31 film. h) Absorptance of an HG31 film. Inset: an HG31 film, black arrow. 
Measurements (f–h) performed at 21 ± 2% RH and 21 °C.

Adv. Mater. Interfaces 2023, 10, 2202112
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To further characterize the structural colors of the sand-
wich on the microscopic scale, POM studies were performed, 
with the results shown in Figure 5 and in Figures S4–S8. The 
POM image, taken in reflectance mode between crossed linear 
polarizers, of the neat green CNC/GLU film is presented in 
Figure  5b. The reflectance spectrum was obtained using line-
arly polarized incident light only, Figure 5c (the analysis of the 
red CNC/GLU film is found in Figure S4, Supporting Informa-
tion). In accordance with the results in Figure 2, the reflectance 
peak (Figure 5c) was quite broad, with non-negligible reflection 
in the blue, green, and red spectral ranges. It is well known 
that structurally colored CNC/GLU films preferentially interact 
with the component of light that is left-handed circularly polar-
ized (LCP), such that the reflected light (Figure 5b,c, predomi-
nantly green, but also blue and red colors) from a CNC/GLU 
film will be LCP, as schematically depicted in Figure 5a. Right-
handed circularly polarized (RCP) light, on the other hand, will 

be transmitted through the CNC/GLU film. In other words, if 
the incident light is RCP light then the film will appear dark in 
reflection.[7,16,25]

POM images in transmission and reflection mode (lin-
early polarized light, crossed polarizers) for the neat synthetic 
cuticle film are shown in Figure 5d,e, respectively. Some colors, 
mostly green and red due to interference, were observed. The 
synthetic cuticle polymer used herein is semi-crystalline and 
cross-linked/branched (Figure 3), as reported previously,[4] and 
hence we hypothesize that this, in combination with the exten-
sion/orientation of the film experienced during hot-pressing, 
resulted in local birefringent properties of the membranes. The 
local birefringence was further confirmed by rotating a neat 
synthetic cuticle film between crossed polarizers in transmis-
sion mode (Figure S5, Supporting Information). From those 
results, it is clearer that the HG31 polymer chains were locally 
organized in varyingly sized regions, and with the direction 

Figure 5. a) Schematic of reflected and transmitted circularly polarized light through a CNC/GLU film. POM image in reflectance mode (linearly polar-
ized light) of b) a CNC/GLU (52/48) film, and c) reflectance spectrum (using linearly polarized incident light only) of the (52/48) CNC/GLU film. POM 
images of the synthetic cuticle (HG31) in d) transmission mode and e) reflectance mode and f) reflectance spectra (only incident linearly polarized 
light) obtained at two different spots on the HG31 film. In g,h) POM images of the synthetic cuticle-laminated CNC/GLU (52/48) film at two different 
locations. In i) reflectance spectra (only linearly polarized incident light) taken at two different locations on the synthetic cuticle-laminated CNC/GLU 
(52/48) film. Reflectance spectra (c,f,i) were obtained with identical image acquisition settings. All the POM images taken with crossed polarizers 
(denoted by crossed arrows).
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of the ordinary and extraordinary refractive indices in these 
regions alternating over the surface of the HG31 film. Other 
areas remained completely dark during rotation, suggesting the 
absence of birefringent properties in those areas. Reflectance 
results, using only linearly polarized incident light, obtained 
from microscopic areas that appeared red or green during 
imaging confirm that those areas did not correlate with any red 
or green reflectance peaks for the neat HG31 film (Figure  5f 
and measurement spots given in Figure S6 (Supporting Infor-
mation), using the same acquisition settings as for the CNC/
GLU films [Figure 5c]). The same trend was seen all across the 
synthetic cuticle film and the reflectance from these micro-
scopic areas was instead comparable to the diffuse reflectance 
measured for macroscopic areas of the synthetic cuticle film 
(Figure 4g).

In the case of the synthetic cuticle laminated green CNC/
GLU film (the HG31-laminated red CNC/GLU film is pre-
sented in Figure S7, Supporting Information), the reflected 
portion of the light depends both on the optical properties of 
(local birefringence) the synthetic cuticle film and the polari-
zation-dependent reflectance of the underlying CNC/GLU film. 
Figure 5g,h displays the POM results for the CNC/GLU green 
film laminated with the synthetic cuticle. Colored regions of 
red, green, orange, and black were observed. When comparing 
Figure 5g,h with those of the bare CNC/GLU film (Figure 5b) 
and the synthetic cuticle (Figure 5e), it is clear that the synthetic 
cuticle coating influenced the optical response in certain areas. 
The reason is that any local birefringent properties of the cuticle 
film modify the polarization state of the incident linearly polar-
ized light before it interacts with the underlying CNC/GLU 
film. The wavelengths reflected by the underlying CNC/GLU 
film were therefore contingent on any alteration of the incident 
light by the cuticle film, which depends on the wavelength of 
the incident light, the local birefringence and thickness of the 
synthetic cuticle, as previously exemplified when combining a 
birefringent liquid crystal layer with structurally colored CNC 
films.[7,16,25] However, we note that as the birefringent  properties 
were not well-defined here and varied (or were absent) for dif-
ferent areas of the synthetic cuticle (Figure S5, Supporting 
Information), the reflected colors are also expected to vary over 
the surface of the cuticle laminated CNC/GLU film. Figure 5i 
presents the reflectance at two different measurement spots on 
the laminated CNC/GLU film, attained using linearly polarized 
incident light only (measurement spots indicated in Figure S8, 
Supporting Information). The perceived reflected colors were 
different at these two measurement spots, which could be due 
to variations in the original color of the CNC/GLU films and/
or spatial variations in the birefringence of the cuticle layer. 
The latter can result in peak narrowing, compare the peaks in 
Figure 5i to that of the bare CNC/GLU film in Figure 5c. Peak 
narrowing would be due to the collective optical properties of a 
birefringent cuticle layer and the CNC/GLU film. In brief, the 
linearly polarized incident light can be decomposed into equal 
fractions of LCP and RCP light. The birefringent cuticle layer 
then enhances or suppress the fraction of LCP light reaching 
the CNC in a wavelength-dependent manner, which modifies 
the original reflectance peak of the CNC/GLU film. Similar 
complex optical responses on the microscopic scale, including 
peak narrowing, have previously been reported and discussed, 

for example when a chiral nematic CNC film is combined with 
an optically birefringent liquid crystal layer.[7,16]

The natural plant cuticle protects against moisture loss 
and to test whether the moisture barrier properties in our 
synthetic cuticle film would exhibit a similar function for 
the CNC/GLU material, the moisture permeation was meas-
ured. However, here protection is most important at high 
relative humidity. This is because the moisture uptake by the 
CNC/GLU films at low RH (0–50%) is minute, resulting in a 
water vapor permeability (WVP) of the bare CNC/GLU films 
that is comparable to that of the HG31. The measured water 
vapor permeability coefficient, WVP, (obtained at 0–50% 
RH gradient) for the green CNC/GLU film was 11.3 (±1.2)  ×  
104 g µm m−2 day−1 atm−1 and for the red CNC/GLU film it was 
12.5 (±5.6) × 104 g µm m−2 day−1 atm−1, which can be compared 
to that of the HG31 (8.0 (±0.7) × 104 g µm m−2 day−1 atm−1). At 
low relative humidity, a protective synthetic cuticle membrane 
is not necessarily needed, in particular as glucose crystalliza-
tion was also not observed at ≈50% RH, 21–22 °C (tested storage 
time of 7 weeks). The excellent barrier properties of CNC/GLU 
films themselves at lower RH are due to that few water mole-
cules are sorbed in the interior of the film[22] and, hence, water 
contributes very little to increasing permeation (it does not 
swell/plasticize the system). Factors that add to the good barrier 
properties at low RH are the impermeable crystalline domains 
of CNCs, the chiral CNC nematic packing and the extensive 
hydrogen bond network.[26] The reduction in permeability, 
with the synthetic coating present, is expected to be more pro-
nounced at higher RH, and to test this we looked closer at the 
cuticle-laminated CNC film with the highest glucose content. 
Table 1 presents results for the synthetic cuticle laminated CNC/
GLU (39/61) film, the bare CNC/GLU (39/61) film, and the bare 
synthetic cuticle coating at high relative humidity conditions 
(50–100% RH gradient).

Water is an effective plasticizer. Hence, at higher RH the 
important polymer-to-polymer hydrogen bonds (CNC-CNC, 
CNC-glucose) are reduced in density, leading to high water 
permeation.[22,27] This occurred for the hygroscopic CNC/GLU 
film, resulting in more than two orders of magnitude increase 
in WVP (Table 1).

On the contrary, the WVP only increased slightly for 
the synthetic cuticle film, on average from 8.0  ×  104 to 
8.6  ×  104  g  µm  m−2 day−1  atm−1. The same trend, with only a 
small, if any, increase in WVP with increasing RH, has been 
observed for other relatively hydrophobic polymers, such as 
PLA.[28,30] The moisture permeability of HG31 can be further 
compared to those of common polymers, see Table  1. The 
HG31 film had a value that was significantly lower than that 
of the hydrophilic PVOH, but similar to the semi-hydrophobic 
aromatic polyester (PET), hydrophobic PS, and semi-hydro-
phobic PVC. However, the moisture permeability is higher than 
for a fully hydrophobic PP and high-crystalline PVDC. It should 
be noted that the reported data in Table  1 for the common 
polymers correspond to a condition of 85% relative humidity. 
However, all the materials, except PVOH, are considered not to 
depend significantly on the actual relative humidity.

Introducing a moisture-protective synthetic cuticle layer on 
top of the CNC/GLU film led to a significant decrease in WVP 
(and WVTR). In fact, the WVP decreased by more than two 
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orders of magnitude (at high RH) (Table  1). Indeed, the sand-
wich had a quite low WVP, on the same order of magnitude 
as PS. The measured WVP for the synthetic cuticle laminated 
CNC/GLU film (12.3 × 104 g µm m−2 day−1 atm−1), matched well 
with the calculated WVP, 13.7 × 104 ± 0.7 × 104 g µm m−2 day−1 
atm−1 (Table 1), derived from the laminate equation:[31]

t

P

t

P

t

P
tot

tot

HG31

HG31

CNC/GLU

CNC/GLU

= +  (4)

where ttot, tHG31, and tCNC/GLU are the thicknesses for the syn-
thetic cuticle laminated CNC/GLU film, the HG31 laminate 
film, and the protected CNC/GLU film, respectively. PHG31 and 
PCNC/GLU are the permeability coefficients of the two individual 
components. An important consequence, of a fixed relative 
humidity gradient over the laminated CNC/GLU film (such 
as a 50–100% RH gradient), is that the protective HG31 layer 
will lower the surface moisture concentration in the CNC/
GLU films at the higher %RH side to a value lower than that 
of an unprotected CNC/GLU film. This is because the partial 
moisture pressure on the 100% RH side of the synthetic cuticle 
(p100%RH) will decrease over the thickness of the synthetic cuticle 
to a lower partial pressure value on the CNC/GLU side (p2, i.e., 
p2 < p100%RH). This drop is due to the low WVP of the synthetic 
cuticle coating and also depends on the coating thickness. The 
solubility (S) times the partial moisture pressure (p) gives the 
moisture content within the material, that is C  =  Sp, where 
C is the moisture concentration in the material. Hence, the 
surface moisture concentration will be lower in the protected 
CNC/GLU film (p2 < p100%RH = Sp2 < Sp100%RH = C2 < C100%RH). 

Decreasing the moisture content in the CNC/GLU film is 
important as glucose crystallization should be minimized.

The staggering drop in WVP is attributed to the crystal-
linity and the high hydrophobicity of the protective HG31 film, 
similar to that observed in the natural plant cuticles. The HG31 
chemical structure (similar to PE, except for the sparsely occur-
ring ester groups) and the film surface roughness (which may 
delay further diffusion into the polymer), mainly contribute to 
the hydrophobic character that can be advantageously used to 
reduce and delay moisture uptake and glucose crystallization in 
the vulnerable CNC/GLU films.[6]

4. Conclusion

In summary, we presented a biomimetic strategy for reducing 
the rate of moisture uptake in structurally colored CNC/GLU 
films. The synthetic cuticle coating resembled nature's own pro-
tective coating, being a branched/crosslinked polyester (cutin) 
with a rough surface, mimicking the rough wax layer in plants. 
The lamination made the CNC film stable in highly moist con-
ditions; it reduced the water permeance through the film by 
more than two orders of magnitude. This is the first demon-
stration of how to combine a moisture-protective and partially 
birefringent synthetic cuticle with a nanophotonic CNC-based 
material, where the dominant structural color of the nanopho-
tonic CNC-based material is still present after coating. While 
highly transparent at the present thickness (≈30  µm), we also 
showed that the synthetic cuticle layer provided local birefrin-
gent properties that likely modified the optical response of the 
polarization-dependent structural colors at those sites. Further 
control of the production, focusing on the cuticles’ birefringent 
properties, would enable more complex nanophotonic mate-
rials, that augment certain colors upon light changes.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Table 1. WVTR and WVP for the CNC/GLU film, the synthetic cuticle 
(HG31), and the synthetic cuticle laminated CNC/GLU film, in a 
50–100% RH gradient. Values of common polymers are also given as a 
comparison.

Sample WVTR [g m−2 day−1] WVP [g µm m−2 day−1 
atm−1]

CNC/GLU (39/61) 6500 ± 400 2.1 × 107 ± 1.3 × 106

Synthetic cuticle (HG31) 20 ± 0.2 8.6 × 104 ± 0.6 × 104

Laminated CNC/GLU 
(39/61)

14 ± 2.3 12.3 × 104 ± 1.9 × 104

Calculated value, Lami-
nated CNC/GLUa)

– 13.7 × 104 ± 0.7 × 104

Common Polymers

Polylactic acid (PLA)[28] – ≈2.9 × 105

Poly(ethylene tere-
phthalate) (PET)[29],b)

– (2.1–8.3) × 104

Polypropylene (PP)[29],b) – (0.8–1.7) × 104

Polystyrene (PS)[29],b) – (4.2–16.6) × 104

Poly(vinyl chloride) 
(PVC)[29],b)

– (4.2–8.3) × 104

Polyvinyl alcohol 
(PVOH)[29],b)

– 12.6 × 105

Poly(vinylidene chloride) 
(PVDC)[29],b)

– 0.4 × 104

a)Calculated value for the synthetical cuticle laminated CNC/GLU (39/61); b)Testing 
conditions: 23 °C and 85% RH.
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