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Fig. 1 Fabrication process and optical performance of cellulose-based optical labels. (a) Schematic illustration of integrating diffraction

gratings and holographic structures onto a TEMPO-CNCs film using a patterned PDMS template; (b) optical photograph of a

free-standing TEMPO-CNCs label carrying a grating pattern of the Chinese character “Nanjing University” and a customized

holographic structure; (c) holographic image of the Nanjing University emblem displayed under laser illumination
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Fig. 2 Characterization of TEMPO-CNCs. (a) AFM topography image; (b) length distribution of TEMPO-CNCs; (c¢) diameter
distribution of TEMPO-CNCs; (d) zeta potential of TEMPO-CNCs
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Fig. 3

Morphological characterization of optical micro/nanostructures. (a) Laser scanning confocal microscopy images (middle), cross-

sectional profiles (bottom), and corresponding far-field diffraction patterns (top) of blazed gratings with different periods (from

left to right: 300, 600, and 1200 lines/mm) imprinted on TEMPO-CNCs films; (b) laser scanning confocal microscopy image of

a DOE imprinted on a TEMPO-CNCs film; (¢c) photograph showing the displayed holographic image “Cellulose and Silk Optics”
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Fig. 4 Grating patterns with structural color and the angle-dependent optical effects. (a) Photographs of the elephant pattern observed

with different lighting angles; (b) (left) schematic of the admiring the moon pattern and (right) corresponding photographs

observed with different lighting angles
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Fig. 5 Performance testing of optical labels. (a) Grating patterns photographed under different humidity conditions; (b) laser scanning
confocal microscopy image of a 600 lines/mm blazed grating after 14 days of storage at 75% RH; (c) photograph of a label
attached to the surface of a cylindrical vial and subjected to slight bending (45°); (d) photograph of a label under moderate bending
(70%); (e) photograph of a label under severe bending (approaching 90°); (f) photograph of a label flattened again after repeated
bending; (g) appearance photographs of an optical label imprinted with a grating pattern during degradation in soil at 0, 10, 20,
30, 35, 40, 45, and 60 days
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Abstract

Objective  Optical labels play an important role in product packaging and anti-counterfeiting due to their advantages in multi-
dimensional light modulation, instant response, and flexible encoding. However, most current optical labels are fabricated using
petroleum-based polymers such as polyethylene terephthalate (PET), polymethyl methacrylate (PMMA), and polyimide (PI) as
substrate materials, which exhibit poor environmental compatibility and involve high processing costs. Therefore, developing green
and sustainable optical materials and constructing micro/nano-structures on their surfaces is crucial for promoting the practical
application of a new generation of eco-friendly optical labels. Cellulose, as an abundant renewable biomass resource, is an ideal
alternative material. However, conventional methods for preparing cellulose nanocrystals (CNC) generate large amounts of acidic
waste, while cellulose nanofibers (CNF) prepared by 2, 2, 6, 6-tetramethylpiperidine-1-oxyl (TEMPO) oxidation hinder micro/nano-
structure replication because their entangled network severely impedes structural filling and shape retention during nanoimprinting,
leading to significantly reduced replication fidelity. Achieving the green preparation of cellulose-based materials is a fundamental goal,
while regulating the dimensions of cellulose building blocks to meet the processing requirements for micro/nano optical structures is
also critical. Balancing these two aspects remains a key challenge in developing cellulose-based optical labels. This work aims to
develop a green, multi-dimensional optical label system based on biomass materials, demonstrate the feasibility of TEMPO-oxidized
cellulose nanocrystals (TEMPO-CNCs) as building blocks, and explore their application potential in advanced anti-counterfeiting and

information encryption.

Methods This study combined optimized TEMPO-mediated oxidation with ultrasonic dissociation. While retaining the green and
high surface charge advantages of the TEMPO oxidation system, this method effectively improved the size distribution of cellulose
nanofibers, successfully producing short rod-like TEMPO-CNCs. Using soft lithography, sub-micron grating and holographic
structures were accurately and cost-effectively transferred onto TEMPO-CNC films under ambient conditions. The constructed optical
labels integrated angle-dependent near-field structural colors with far-field holographic projection functions, achieving multi-
dimensional optical responses. The feasibility for micro/nano-imprinting and optical performance were systematically evaluated.
Furthermore, application demonstrations in multi-level anti-counterfeiting and information encryption were conducted, including

coupling with QR codes and innovatively introducing a Sudoku-based logical encryption mechanism.

Results and Discussions The obtained TEMPO-CNCs exhibit rigidity and dimensional characteristics similar to conventional CNC.
Microscopic characterization confirmed the successful replication of periodically arranged gratings and complex diffractive optical
element (DOE) structures on the TEMPO-CNC film surface with high fidelity. The grating structures displayed vivid angle-dependent
structural colors, and dynamic, reversible pattern switching was achieved by utilizing the different diffraction angle ranges of gratings
with varying periods. The labels demonstrated good stability under varying humidity conditions, mechanical bending, and UV
irradiation. Furthermore, they exhibited complete biodegradation in soil within 60 days. Based on these optical labels, a multi-level
encryption system was constructed. First, an “invisible physical key” was designed by embedding a holographic DOE within a QR
code pattern, providing secondary protection. Subsequently, a three-level encryption system involving “visual recognition-logical
decryption-information extraction” was established by integrating grating-based coordinate indexes with a holographic Sudoku puzzle,

significantly enhancing anti-counterfeiting complexity through the fusion of physical features and logical operations.

Conclusions In this study, TEMPO-CNCs with both environmental friendliness and excellent processability were successfully
prepared by combining deep oxidation with ultrasonic dissociation. This material effectively overcomes the technical bottleneck
associated with traditional cellulose nanofibers, namely the difficulty in replicating high-precision micro/nano-structures due to their
strongly entangled network. Using soft lithography, biomass-based optical labels were fabricated under mild conditions. These labels
exhibit clear angle-dependent structural colors and high-quality holographic images, demonstrating the integration of near-field
structural colors with far-field holography for cross-scale optical modulation. This work not only confirms the feasibility of using
TEMPO-CNCs as building blocks for high-precision optical structures but also provides reliable experimental evidence for replacing
petroleum-based optical plastics with fully bio-based materials. It lays a theoretical and technical foundation for the design and

fabrication of a new generation of green intelligent photonic devices.

Key words  structural color; holography; micro/nano-imprinting; cellulose nanocrystal; optical label
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