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Abstract 

Cellulose nanocrystals (CNCs) are renewable plant-based colloidal particles capable of forming 

photonic films by solvent evaporation driven self-assembly. So far, the CNC self-assembly 

process has only been studied at a small scale, neglecting the limitations and challenges posed 

by continuous deposition processes that are required to exploit this sustainable material in an 

industrial context. Here, we address these limitations by using roll-to-roll (R2R) deposition to 

produce large area photonic films, which required optimisation of the formulation of the CNC 

suspension, the deposition and drying conditions. Furthermore, we show how metre-long 

structurally coloured films can be processed into effect pigments and glitters that are 

dispersible, even in water-based formulations. These promising effect pigments are an 

industrially relevant cellulose-based alternative to current products that are either micro-

polluting (e.g., non-biodegradable microplastic glitters) or based on carcinogenic, 

unsustainable or unethically-sourced compounds (e.g., titania, mica).  

 

Main 

More sustainable approaches to produce effect pigments and functional nanomaterials are 

being intensively searched for to replace inorganic and plastic components1–6. In this context, 

the self-assembly of cellulose nanocrystals (CNCs) into structurally coloured films has 

attracted significant interest in the scientific community and beyond as a potential candidate 

to produce more sustainable photonic pigments1,7,8. However, while the understanding of the 

critical processes regulating the nanoscale self-assembly of CNCs has improved sufficiently to 

enable a wide range of optical applications9–12, and with several companies now supplying 

nanocellulose in large volumes13,14, the lack of scalable methodologies to produce large-area 
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coloured CNC films remains the bottleneck for their commercial exploitation15. The deposition 

of CNC suspensions using a roll-to-roll (R2R) approach can produce transparent films16,17, 

however such techniques have so far failed to yield films with the cholesteric ordering 

required to produce structural colouration. The latter has only been demonstrated over 

relatively small areas, usually cast within shallow Petri dishes18–20. Working with small-scale 

batches does not allow for the challenges associated with large-scale production to be 

identified and addressed. For instance, continuous manufacturing processes, such as slot-die 

R2R, impose restrictions on the rheological properties of the deposited viscoelastic material. 

It needs to be sufficiently viscous to provide good coverage and to avoid dewetting and 

shrinkage of the coating upon drying, while still being able to self-assemble within the limited 

time window available for complete solvent evaporation during continuous processing. 

Meeting such requirements is challenging for aqueous CNC suspensions, as long evaporation 

times are typically required to allow for the self-assembly into vibrantly coloured CNC 

films21,22. Furthermore, excessive shear (such as that obtained via blade casting) can easily 

disrupt any pre-existing cholesteric ordering23,24.  

 

In this work, we overcome these challenges and demonstrate an industrially relevant route to 

scale-up the production of structurally coloured films by casting a commercially available CNC 

suspension on a R2R coating unit. Through optimisation of the coating parameters affecting 

the self-assembly process, we fabricate metre-scale structurally coloured films with tuneable 

colour across the entire visible spectrum. Finally, we show that these structurally coloured 

R2R-cast films can be processed into vivid, water-stable photonic CNC microparticles that can 

be used as a sustainable effect pigment or ‘glitter’ for a wide variety of applications. 
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Fig. 1 | Overview of the R2R processing of a CNC suspension into photonic films and microparticles. a, Flow 

chart describing the key steps to prepare photonic CNC particles. b, Photograph of the corona etching step 

conducted after unwinding the web. c, Photograph of the slot-die depositing the CNC suspension onto the central 

region of the PET web. d, Photograph of a CNC suspension on the R2R web drying statically at room temperature. 

e, Photograph of a near-dry CNC film on the R2R web after passing through an in-line hot air dryer, with the web 

moving in a stepwise continuous manner. f, In-line peeling of a thick CNC film from the PET web. g, Red, green 

and blue R2R-cast CNC films deposited onto a black PET web. h, Free-standing R2R-cast CNC film. i, Pristine (left) 

and heat-treated (right) photonic CNC particles embedded in transparent varnish (prior to size-sorting). j, Heat-

treated photonic CNC particles that can be used as effect pigments, after size-sorting and immersion, from left 

to right, in ethanol, 50% aqueous ethanol, and water. k, Schematic of the R2R pathway, showing the position of 

the hot air dryer relative to the slot-die and the available length for static drying (𝑙R2R = 3.2 m). For reference, in 

b–g the width of the web is 14 cm.  

 

Large area photonic CNC films and particles were produced using a commercial R2R coating 

unit, whereby an aqueous CNC suspension is deposited and subsequently dried on top of a 

moving polymer substrate (the ‘web’), before being delaminated for further off-line 
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processing into structurally coloured cellulosic microparticles. This process can be divided into 

several key steps, as summarised in Fig. 1a and described in detail in the Methods section. 

First, corona discharge is performed in the central part of the web to activate the surface 

(Fig. 1b). This increases the surface energy of the hydrophobic polyethylene terephthalate 

(PET) web, which facilitates the subsequent wetting of the low-viscosity aqueous CNC 

suspension (Supplementary Fig. 1). This also allows for the pinning of the suspension, 

confining it within the hydrophilic-hydrophobic boundaries of the web and preventing 

uncontrolled flow of the suspension outside the deposition area. Deposition of the CNC 

suspension is then achieved by translating the web past an in-line slot-die, allowing for a 

continuous, controlled coating (Fig. 1c). After deposition, the coated web is either dried 

statically under ambient conditions (Fig. 1d) or passed through a heating chamber (hot air 

dryer) across the roll-to-roll pathway to shorten the drying time (Fig. 1k). The latter enables a 

stepwise continuous deposition process to be achieved (Fig. 1e), as described in detail later. 

Examples of red, green and blue CNC films on a black PET web, as obtained from static drying 

under ambient conditions, are shown in Fig. 1g. Additionally, the resulting metre-scale CNC 

films can be peeled from the web using a blade to obtain free-standing films (Fig. 1f), as 

exemplified in Fig. 1h. Such CNC films can be subjected to thermal-treatment, grinding and 

size-sorting to produce structurally coloured particles that can find application as glitters 

(Fig. 1i) or effect pigments (Fig. 1j). 

 

Optimisation of casting conditions on a laboratory-scale coater  

As the key slot-die deposition parameters for the quality of the final R2R films can be similarly 

controlled at smaller scales, their optimisation was first performed on a laboratory-scale 
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blade-coater. Notably, neither slot-die nor blade-cast deposition have been used so far to 

produce structurally coloured CNC films. For both deposition methods, the key parameters 

that should affect the optical appearance of the resultant CNC films are the coating gap, 𝑔𝑐, 

and the coating speed, 𝑣𝑐. To investigate their impact, we first optimised the deposition of the 

CNC suspension on the blade-coater (see Methods). Independently adjusting 𝑔𝑐 and 𝑣𝑐  leads 

to variable thicknesses and shear rates during deposition, which can affect the initial ordering 

of the cholesteric structures and impact the kinetics of the self-assembly upon drying. To 

decouple these two effects, we investigated the effect of 𝑔𝑐  and 𝑣𝑐  at fixed shear rate 

𝛾 ̇ =  𝑣𝑐 𝑔𝑐⁄ . The quality of the optical response was then assessed by considering the 

intensity of the reflected peak position and its width, as they depend on the alignment and 

periodicity of the cholesteric structure and the thickness of the film25. 

 

Fig. 2 | Film thickness and optical properties versus coating parameters. a, Photographs (row 1), left-circularly 

polarised (LCP) optical micrographs (row 2), and scanning electron microscopy cross-section (row 3) of the blade-

cast films, prepared from a CNC suspension sonicated for 2.24 s.mL-1 and deposited at �̇� = 2.2 s-1. The arrow 

indicates the direction of the blade motion. b, Corresponding LCP reflectance spectra of the films in (a), averaged 

over 15+ positions. c, Thickness of the films versus the coating gap. The dashed grey line highlights the theoretical 

minimum thickness required for a CNC film to reach maximal reflectance. 
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As shown in Fig. 2a, blade-cast films with a macroscopically uniform blue appearance were 

produced in all cases from the same CNC suspension (6 wt.%, sonicated for 2.24 s.mL-1) with 

a constant shear rate �̇� = 2.2 s-1. As expected, a larger coating gap (here with a higher coating 

speed) leads to a greater film thickness (reaching a maximal thickness of 14 µm for 

𝑔𝑐 ≥ 900 µm and 𝑣𝑐  ≥ 2.0 mm.s-1). Importantly, as shown in Fig. 2b–c, the films cast with 

𝑔𝑐  = 700 µm and 𝑣𝑐  = 1.5 mm.s-1 reached the maximum achievable reflectance with a 

thickness of only 10.5 µm (additional optical analysis with right-circularly polarised (RCP) 

spectra is reported in Supplementary Fig. 2a). This implies that the cholesteric structures of 

the films produced with this technique are relatively well-aligned23,26, as for ideal cholesteric 

films the theoretical thickness required to achieve maximal reflectivity is ~8 µm (Fig. 2c, 

calculated from numerical27 or analytical28 models and taking CNC refractive indices as 

𝑛𝑒 = 1.590 and 𝑛𝑜 = 1.514 11, cf. Supplementary Fig. 3). Coating the suspension using a larger 

gap resulted only in a small blue-shift (Fig. 2b), as the larger volume of deposited suspension 

resulted in a longer drying time, as previously reported25. Below 𝑔𝑐  = 700 µm and 

𝑣𝑐  = 1.5 mm.s-1, the blue films also exhibit green patches visible on the microscope, leading to 

a less intense and broader reflectance peak. As the shear rate was kept constant for all films, 

we do not expect this decrease in reflection to arise from a transient disruption of the 

cholesteric order during the deposition. However, a reduced thickness is associated with a 

faster evaporation time, which decreases the time permitted for self-assembly and affects the 

quality of the resulting cholesteric order. Such observations are in good agreement with 

previous observations on CNC self-assembly: a shorter time triggers a kinetic trapping of the 

cholesteric domains before they manage to coalesce into the homogeneous structure needed 

to produce a uniform optical response25. From these observations, casting parameters of 

𝑔𝑐 = 700 µm and 𝑣𝑐  = 1.5 mm.s-1 led to satisfactory films and were used henceforth.  
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Fig. 3 | Effect of sonication and drying conditions on the visual appearance of blade-cast CNC films. a, 
Macroscopic photographs and LCP optical micrographs of CNC films prepared from CNC suspensions sonicated 
for 2.24 (left), 4.36 (middle) and 6.44 s.mL-1 (right), and dried either at 20 °C (top) or 60 °C (bottom). For all films 
𝑔𝑐  = 700 µm and 𝑣𝑐  = 1.5 mm.s-1. The arrow indicates the direction of the blade motion. b, Corresponding LCP 
reflectance spectra of samples dried at room temperature (top) and on hot plate (bottom), averaged over 15+ 
locations. 

 

Blue, green and red blade-cast CNC films were prepared by applying increasing tip-sonication 

treatment on the same initial CNC suspension (Fig. 3a), as previously reported for dish-cast 

films29–31. As an additional control, films cast in Petri dishes from the same suspensions 

showed similar spectra (Supplementary Fig. 4 and Supplementary Fig. 2b), confirming that 

scaling up or down the deposition conditions does not significantly impact the optical quality. 

Note that all samples reported here were sonicated directly at 6 wt.% CNC concentration, for 

which the suspension is in a biphasic state (Supplementary Fig. 5). As also observed for thin 

dish-cast films, increasing the total sonication energy delivered to the suspension results in a 

widening of the peak, along with a decrease of the maximum reflectivity, the latter being 

particularly pronounced for the longest sonication treatment (Fig. 3b). Finally, the 

incorporation of macromolecular additives, such as hydroxypropyl cellulose (HPC), has been 

reported to redshift the reflected colour of a CNC film while also suppressing edge 



9 

inhomogeneities and acting as a plasticiser32. To this end, we fabricated CNC-HPC composite 

films, as reported in Supplementary Fig. 6. We found that inclusion of 40 wt.% HPC imparted 

a strong redshift to the blade-coated CNC film but also increased disorder at the microscopic 

level. More significantly in the context of this work, it resulted in a less brittle film with greater 

adherence to the PET substrate, which also made delamination more difficult. 

 

Large-scale coating using a roll-to-roll process 

To increase productivity, most industrial R2R casting processes utilise methods to increase the 

evaporation rate of the employed solvent, for instance by increasing the temperature using 

additional furnaces or with hot air flows downstream of the coating stage. To understand how 

elevated temperature affects the self-assembly process, the deposited suspensions were 

placed on a hot plate at 60 °C and both the drying time and the optical quality of the final films 

were monitored. In this condition, coloured films were produced in about 20 min (vs. 5.5 h at 

room temperature, Fig. 3a). When compared to drying in ambient conditions, this dramatically 

faster evaporation rate induced inhomogeneities of colour in the films, with a reflectance peak 

that was about 30% weaker (Fig. 3b) and slightly redshifted (Supplementary Fig. 7). These 

observations can be explained by the presence of a significant convective flow of the 

suspension at higher temperature and a shorter time for the CNCs to self-organise and 

self-assemble prior to kinetic arrest. However, these effects can be partially compensated by 

the deposition thickness or the CNC formulation (via ionic strength or sonication treatment) 

to meet the desired trade-off between commercially viable production rates and final yield in 

terms of CNC consumption per surface area.  
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The optimisation of the initial CNC formulation and the calibration of the deposition conditions 

were then translated to a pilot-scale R2R system, enabling the production of flexible, 

metre-scale CNC coatings with uniform red, green and blue structural colouration (Fig.  1f). To 

produce these films, the deposited CNC suspension was held at rest during the evaporative 

drying process. This compromise arises from the combination of the web pathway length 

( 𝑙R2R = 3.2 m) and the minimum continuous translational speed of the equipment used 

(𝑣𝑐  = 0.1 m.min-1 ≈ 1.67 mm.s-1), not allowing sufficient time for the film to fully dry before the 

coated web reaches the rewinding roll (𝑡= 𝑙R2R / 𝑣𝑐 ≈ 30 min). To overcome this engineering 

limitation and demonstrate the continuous production of photonic CNC films, the R2R process 

was modified to include an in-line hot air dryer (to accelerate evaporation) and stepwise 

translation (to reduce the effective deposition speed of the web), as described in Fig. 1k. In 

contrast to ‘static drying’, this ‘stepwise continuous’ process allows for the limitation of the 

finite length of the web pathway to be overcome, while maintaining good optical quality 

(Fig. 4). In industrial R2R coaters these drying time issues are typically addressed by having 

more drying units in series. 

 

Two stepwise deposition methods were used, denoted ‘coarse’ and ‘fine’ steps (see 

Supplementary Fig. 8 and Methods), with both processes having the same effective 

translation speed (𝑣eff ≈ 0.2 mm.s-1) resulting in each section of the coated web spending a 

total of 30 minutes through the hot air dryer. Using the coarse steps as an example, the CNC 

suspension was found to be sufficiently dried upon exiting the hot air dryer (𝑇 = 60 °C) such 

that it already exhibited structural colour (Supplementary Video 3 and Supplementary Fig. 9). 

Complete evaporation was then achieved under ambient conditions prior to reaching the end 

of the R2R pathway, resulting in a photonic film with good optical quality (Supplementary 
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Fig. 10). Notably, this method enables the production of films which span beyond the limit of 

the web pathway of our machine (Fig. 4a, 𝑙film  = 4.2 m > 𝑙R2R  = 3.2 m), validating that the 

process of photonic CNC film fabrication can be decoupled from the physical limits of the R2R 

machine (Supplementary Fig. 11).  

 

Fig. 4 | Optical properties of CNC films cast by R2R and dried either statically or with stepwise continuous 
translation through an in-line hot air dryer. a, Images of a 4.2 m long blue R2R-cast film with insets showing the 
optical appearance at different positions along the length 𝑃𝑐 . Here the position is defined relative to the 
beginning of the deposition. b, Photographs (rows 1, 2 and 4) and optical micrographs (rows 3 and 5) of R2R-cast 
CNC films (sonicated for 2.24 s.mL-1) recorded through LCP and RCP filters. c, Corresponding LCP and RCP 
reflectance spectra of the free-standing films reported in (b). The LCP reflectance spectra are averaged over 80+ 
positions along the film. d, Drying time and thickness of the films for the different deposition methods and drying 
conditions. 

 

By utilising fine steps, the translation of the web was approximated to an uninterrupted 

deposition at a lower effective speed (Supplementary Fig. 8), overcoming the limitation of the 

minimum translation speed on our R2R machine. Importantly, this fine stop-start coating 
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method did not result in significant discontinuities of the resultant film. By varying the 

temperature of the hot air dryer from 20 °C to 60 °C, the interplay between accelerated drying 

and the optical properties of the resultant CNC film could be assessed. As shown in Fig. 4b, all 

conditions produced vibrant blue films with good optical alignment, consistent with the 

absence of reflection of RCP light. Shortening the drying time by increasing the temperature 

resulted in a small red-shift combined with a weakened optical response (Fig. 4c), as 

previously noted for the blade-cast analogues (Fig. 3). However, allowing for the differences 

in thickness (Fig. 4d), the stepwise films have comparable reflectance to the film dried 

statically. As a result, we can conclude that films produced using the fine step process at 60 °C 

maintain a good optical appearance while drying sufficiently fast as to enable continuous and 

uninterrupted fabrication.  

 

Importantly, the relative flexibility of the PET substrate enables straightforward delamination 

of the R2R-cast CNC films (Fig. 1f) to obtain free-standing films (Fig. 1h). For thicknesses of 

14 µm and more, peeling could be achieved by placing a blade between the web and the CNC 

film (Supplementary Video 4), which was then transferred onto a second substrate for 

additional off-line processing, as described later. For smaller thicknesses, films can still be 

detached, but due to their fragility significant cracking occurs.  

 

Preparation of water-stable photonic microparticles 

Finally, the industrial relevance of this scalable R2R approach is illustrated by further 

processing the free-standing films into structurally coloured microparticles that can be used 

as effect pigments. This addresses the current limitations in terms of both the yield and the 

colour criteria needed for such particles to be commercialised, unlike previous attempts that 
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used non-scalable dish casting and reported poor optical performance33. This was achieved by 

sequentially employing heat treatment, grinding and size-sorting (Supplementary Fig. 12a–b), 

to yield flake-like particles with average diameters in the range of tens to hundreds of microns 

(Fig. 5). The optical response of the largest particles obtained is comparable to the progenitor 

R2R-cast film, whereas the smallest particles, while remaining visibly coloured to the naked 

eye, present weaker reflection peaks (Fig. 5b and Supplementary Fig. 13). In the brightfield 

optical microscopy images, some of the smaller particles appear dark and less coloured, 

however the same particles observed in darkfield reveal strong colour (Supplementary 

Fig. 14). This indicates that the main cause of the apparent lack of reflection in brightfield is 

primarily due to a larger variation in the orientation of their optical axis with respect to the 

viewing direction.  

 

Fig. 5 | Photonic CNC microparticles. a, Micrographs of size-sorted and heat-treated photonic CNC microparticles 
prepared from a green R2R-cast film (sonicated for 4.36 s.mL-1), as observed in air (column 1), in pure ethanol 
(column 2), in a 50:50 (by wt.) water:ethanol mixture (column 3) and in pure water (column 4). Microscopic views 
for the largest size depict the same particle. b, Corresponding total reflectance spectra of the size-sorted particles 
in the same four media, averaged over 10+ locations. c, SEM top views exemplifying photonic CNC particle 
morphology after grinding for each size group. d, SEM cross-section of a CNC particle showing the typical 
Bouligand arches, characteristic of the CNC cholesteric order. 

 

Applying a heat treatment (30 min at 180 °C) to the R2R-cast films before grinding plays a key 

role: first, it prevents the degradation of the surfaces of the film during the grinding step. SEM 
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observations revealed that the cholesteric structure is not damaged by the grinding (Fig. 5d) 

and that the particle surface remains smooth with distinct facets and sharp edges (Fig. 5c). 

This suggests that the grinding process probably breaks distinct cholesteric domains at their 

defect boundaries rather than indiscriminately fracturing the films34. Second, the heat 

treatment makes the microparticles much more stable, as they do not redisperse after 

immersion in various solvents, including water. Unlike a previous report33, the improved 

resistance of their cholesteric structure to both mechanical and chemical processing remains 

effective even after several months (samples kept immersed in water for more than a year are 

still intact and colourful, Supplementary Fig. 12d). Furthermore, FT-IR spectroscopy and 

thermogravimetric analysis (TGA) suggest little degradation of the nanocrystals for heat 

treatment temperatures below 220 °C (Supplementary Fig. 15c–d).  

 

The improved mechanical and solvent resistance of the heat-treated films prepared from 

pH-neutralised CNCs (Na-CNCs) can be explained by partial desulfation and the release of 

tightly bound water from their surface, allowing for stronger attractive interactions between 

individual CNCs35 as well as presence of sodium ions36. The resulting stability to water 

immersion is remarkable given that Na-CNCs are otherwise known to individually redisperse 

much better than acidic CNCs (H-CNCs) after a freeze- or spray-drying step33,37. The use of Na-

CNCs also prevents significant darkening of the film after heat treatment38, which is otherwise 

observed in films made from H-CNC suspensions33,39. Instead, the heat treatment gives only a 

slight golden tint to the films, improving the contrast of the reflected colour (Supplementary 

Fig. 15a–b). A significant darkening is however visible at the very edge of CNC films 

(Supplementary Fig. 16d), where the films are thicker due to weak ‘coffee ring’ effects40,41, 



15 

but this only impacts a small fraction of the film and can also be decreased by scaling up on a 

wider web42.  

 

The compatibility of the photonic CNC particles with various solvent mixtures is summarised 

in Fig. 5a. Green CNC particles, made from grinding a green R2R-cast film, did not significantly 

change colour after immersion in ethanol compared to in air, as confirmed by the reflection 

spectra reported in Fig. 5b. These observations indicate that there is no significant swelling in 

ethanol. In contrast, immersion of the particles in either a 1:1 (mass ratio) mixture of ethanol 

and water or in pure water led to a red-shift of respectively 100 nm and 175 nm, consistent 

with a gradual swelling with the increasing polarity of the solvent (Fig. 5a–b and 

Supplementary Fig. 12c). The slight decrease in peak reflectivity is consistent with the 

decrease of the overall birefringence Δ𝑛 of the films upon solvent uptake. Such a swelling is 

stable over time, which is an essential requirement when adjusting the colour of the particles 

for their subsequent use in a given formulation (e.g., in the presence of ions, surfactants, 

solvents), as illustrated in Supplementary Fig. 12c–f. Such swelling is also reversible: the 

original colour of the particles in the dried state was retrieved upon solvent evaporation, 

suggesting no partial dispersion of the CNCs (Supplementary Fig. 17 and Supplementary 

Video 5). Finally, the flake-like nature of the particles and their angular-dependent response 

allows for a characteristic metallic effect43: by controlling the degree of orientation of these 

particles, a macroscopic angular response can be tailored. As an example, particles dispersed 

in liquid have a strong angular dependent colouration and a glittery appearance 

(Supplementary Video 6), while the same or even smaller particles added into a coating give 

a much more uniform colour appearance (Supplementary Fig. 14, 18 and 19). The visual 
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quality of our photonic CNC microparticles is validated by comparing them against commercial 

alternatives employed in comparable proportion in the coating geometry (Supplementary 

Fig 19)  

 

Conclusions 

In summary, we optimised the self-assembly of CNC suspensions into photonic films using a 

continuous roll-to-roll (R2R) coating technique. This allowed for the fabrication of metre-scale 

structurally coloured CNC films with an excellent optical response. Furthermore, we show that 

grinding the obtained films after a further heat treatment yields particles that can be used as 

effect pigments and glitters. Importantly, these particles retain their optical response after a 

year without fading or redispersing, even in water. This work demonstrates that a self-

assembled bio-sourced nanomaterial can be successfully combined with a high-throughput 

technique (such as R2R casting), leading to the successful fabrication of large-scale, 

structurally coloured cellulosic films. We expect the industrial relevance of this process, as 

conceptualised in Supplementary Fig. 21, will spark interest in the commercial development 

of eco-friendly photonic pigments to replace non-biodegradable microplastic glitters and 

unsustainable or unethically-produced inorganic effect pigments in paints, inks, cosmetics, 

beverages, labelling and packaging.  
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Methods 

Cellulose nanocrystal suspension preparation. An aqueous CNC suspension was purchased 

from the University of Maine Process Development Center (batch number 2015-FPL-077, 

[CNC] = 11.8 wt.%, pH-neutralised form, 1.2 wt.% sulfur content). The suspension was diluted 

with ultrapure water to 6 wt.% in 50 mL tubes (Corning Falcon® with conical bottom) and 

sonicated in an ice bath using an ultrasonic disintegrator (Fisherbrand 505 Sonic 

Dismembrator, 500 W, amplitude = 40%, tip diameter = 12.7 mm). Suspensions for 

laboratory-scale blade-cast CNC films were prepared by batches of 25 mL and sonicated for 

56, 109, and 161 s to produce respectively blue, green and red films upon casting. Suspensions 

for large-scale R2R deposition were prepared by batches of 45 mL, in which case the sonication 

time was respectively scaled-up to 101, 196 and 290 s. This allows for the energy delivered 

per volume of CNC suspension by the tip sonicator to be kept constant and corresponds to 

treatments of 2.24, 4.36 and 6.44 s.mL-1. After equilibrating the suspension for 1 – 3 days, the 

denser anisotropic phase was separated and collected for further use44,45. In the case of the 

hydroxypropyl cellulose/CNC composite presented in Supplementary Fig. 6, the sample was 

prepared as before from a CNC suspension sonicated for 2.24 s.mL-1, in which hydroxypropyl 
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cellulose (NISSO, SSL grade, Mw = 40 kDa) at a concentration of 40 wt.% with respect to the 

dry CNC mass was added prior to casting. 

 

Substrate preparation. Polyethylene terephthalate (PET) was used as a substrate for CNC film 

deposition (HIFI Film PMX727 in the ‘laboratory scale’ blade-casting setup and Mitsubishi 

Polyester Film, Hostaphan RN 500 as the web on the R2R setup), with the surface selectively 

activated to control wetting. For the laboratory-scale setup, the PET sheets 

(thickness = 125 µm, length = 120 mm, width = 80 mm) were secured to the coating stage and 

a plasma etcher was used for surface activation (EMITECH K1050X plasma etcher, vacuumed 

air atmosphere, 50 W, 5 min). In contrast, R2R deposition required the use of a reel (web 

thickness = 500 µm, web width = 140 mm) and corona discharge (Corona Supplies, 0.3 kW) 

was used to activate the continuously moving substrate (speed = 0.1 m.min-1 ≈ 1.67 mm.s-1). 

This larger thickness was required on the R2R to inhibit any stress-induced web warping46 that 

can lead to unwanted suspension flow during drying (Supplementary Video 1–2). Note that 

the PET was manually masked with tape in both configurations but could easily be 

continuously applied and removed, as proposed in Supplementary Fig. 21, or a fixed mask 

could be utilised. 

 

Deposition of photonic cellulose nanocrystal castings. Laboratory-scale blade-cast CNC films 

were prepared using a bespoke blade-coater with a maximum casting length of ca. 30 cm 

(Supplementary Fig. 22). This coater is comprised of a motor (Reliance Cool Motion Stage) 

that can move a flat stage along a track, above which a coating applicator (BEVS 1806/A50) 

was mounted at a fixed position. To prepare a CNC film, the PET substrate was attached to the 
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stage on three sides, with the trailing edge free to allow excess CNC suspension to be removed. 

The blade was set to the desired height above the substrate and the coating applicator 

positioned near the front of the rectangular PET sheet. The CNC suspension (ca. 3.5 mL) was 

deposited in front of the blade and the stage moved at the selected speed such that an area 

of 6 x 10 cm was uniformly coated. 

 

Large-scale deposition of CNC suspension was achieved using a modified R2R casting system 

(Coatema Coating Machinery, Smartcoater 28) equipped with a custom-made slot-die (casting 

width = 10 cm, internal reservoir = 22 mL). The slot-die was made of two screw-joined 

aluminium plates separated by a 125 μm-thick spacer shim configured with a slot opening of 

100 mm and positioned perpendicular to the web. A syringe pump (New Era) was used to 

continuously dispense the CNC suspension to the slot-die, with the dispensing rate 

(ca. 6 mL.min-1) adjusted depending on the desired film thickness and coverage width. The 

distance between the slot lips and the substrate was controlled with a thickness feeler gauge. 

Web-holders were placed so that the average distance between each support was 30 cm. The 

substrate was levelled before casting using a bullseye spirit air bubble level (Thorlabs LVL01) 

at several positions along the web path and at the middle of the width. Shear rates were 

calculated from the translational speed and the coating gap thickness.  

For ‘static drying’, the web was translated through the R2R system at the lowest accessible 

speed ( 𝑣𝑐 = 0.1 m.min-1 ≈ 1.67 mm.s-1), with a maximum casting length of ca. 3.2 m, 

corresponding to the limits of the web pathway. The web translation was then stopped, and 

the deposited suspension was allowed to dry under ambient conditions. Alternatively, to 

investigate faster drying, a blown-air heating chamber (length ≈ 40 cm, 𝑇 = 20 – 60 °C) was 
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placed across the R2R pathway after the coating step (as shown in Fig. 1k). This allowed for a 

continuous stepwise deposition and drying process, whereby the translation of the web was 

divided into multiple steps interrupted by stationary rest periods. Two step sizes were 

demonstrated (denoted ‘coarse’ and ‘fine’) as plotted in Supplementary Fig. 8: for the ‘coarse’ 

process, the web was translated at 𝑣c = 1.67 mm.s-1 in steps of 20 cm every 15 min while for 

the ‘fine’ process, the web was translated at the same speed, but in steps of 5 cm every 3.75 

min. In both cases, this corresponds to an effective translation speed of 𝑣eff ≈ 0.2 mm.s-1.  

 

Drying conditions. The CNC suspension was dried at ambient conditions for the dish-cast films 

and the laboratory scale blade-cast films. Drying was typically complete within a few hours, 

dependent on the amount of material deposited and the surface area. Additionally, laboratory 

blade-coated films were also dried more rapidly using a hot plate set at 60 °C. Despite using 

the lowest speed accessible on the R2R machine (vc = 0.1 m.min-1 ), the time required for the 

drying of large-scale CNC suspension at ambient conditions exceeded the available length of 

our pilot-scale R2R machine. As such drying was either (i) performed without motion over 

several hours until film formation and is denoted as ‘static dried’, or (ii) the deposited CNC 

suspension was slowly translated through an in-line hot air dryer (𝑇 = 20 – 60 °C) using the 

‘stepwise continuous’ translation process described above, allowing for the drying process to 

be accelerated such that the film was dry before reaching the end of the web pathway.  

 

Photonic CNC particle preparation and size-sorting. The R2R-cast CNC film was detached from 

the substrate by placing a thin plastic blade attached to an upper collection web at an angle 

to the substrate. The CNC was initially manually peeled over a few centimetres and then 
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completed by translating the web at a constant speed (as depicted on Fig. 1a and shown on 

Supplementary Fig. 12a and in Supplementary Video 4). The CNC film was subsequently 

broken down into centimetre-long pieces and heat-treated in a laboratory muffle furnace 

(Nabertherm, P330) set at 180 °C for 30 min. The CNC film was finally ground using a rotary 

blade (Cookworks electric coffee grinder PCML-2012, 150 W). The photonic CNC particles 

were sequentially size-sorted using three sieves with decreasing mesh sizes of 150, 75 and 

25 µm (Endecotts). The median size of the particles for each size category was retrieved from 

SEM images by highlighting the contours of individual particles and fitting with the Ferret area 

function in ImageJ (Supplementary Fig. 23). 

 

Optical microscopy and imaging. Polarised optical microscopy (Zeiss Axio.Scope A1) images 

of the CNC films were taken using a 20x objective (Zeiss EC Epiplan APOCHROMAT, NA = 0.3) 

whereas images of the photonic CNC particles were taken with a 10x objective (Zeiss EC 

Epiplan APOCHROMAT, NA = 0.6). The light reflected by the CNC films attached to the PET 

substrate passed through a quarter-wave plate and an orientable linearly polarising filter, 

which can together filter either the left- or the right-circularly polarised light reflected by the 

sample (denoted LCP and RCP respectively). A beamsplitter allowed the light to be directed to 

a CCD camera (Thorlabs DCC3240C) and to a fibre-coupled spectrometer (Avantes AvaSpec 

HS2048), which interrogates a defined region of the microscope image. A 600 µm-core optical 

fibre (Thorlabs FC-UV600-2-SR) was used for measuring the CNC films with the 20x objective, 

whereas a 200 µm-cored optical fibre (Thorlabs FC-UV200-2-SR) was used for the photonic 

CNC microparticles with the 10x objective. As a result, spectra were acquired over ~100 µm 

and ~66 µm-wide spots respectively. In both cases, the circular spectral collection spot was 
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magnified with a lens (Thorlabs AC254-050-A). Unless stated otherwise, all the spectra of CNC 

cast  
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