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Our quality of life is largely supported 
by materials innovations providing for 
instance advanced electronic, optical, 
thermal, or structural properties.[1] Unfor-
tunately, many of present-day advanced 
materials are sourced from nonsustain-
able resources, have high energy demands 
in their production, and face technical 
or economic obstacles in their recycling, 
which has a dramatic effect on our eco-
system.[2] In the field of polymeric mate-
rials, increasing efforts are directed toward 
a circular economy and transitioning to a 
biobased resource economy, which can 
alleviate major ecological burdens.[3] Great 
success has been reported for instance 
in manufacturing high-performance and 
lightweight biobased structural materials,[4] 
biodegradable electronics,[5] or materials 
for heat management[6] and fire protec-

tion.[7] For the next generation of sustainable and environmen-
tally friendly materials, it will however be important to develop 
cutting-edge functionalities that have typically been restricted 
only to nonsustainable materials.

Plant resources that do not interfere with the food chain 
could be one suitable feedstock. In this context, there has been 
much progress in the emerging field of nanocellulose mate-
rials, where specific chemical and mechanical treatments allow 
isolation of either long and entangling cellulose nanofibrils 
or short, highly crystalline cellulose nanocrystals (CNCs).[8] 
Besides their robust mechanical properties (Young’s modulus, 
E  ≈ 150  GPa),[9] one of the key features of CNCs is their pro-
pensity to self-assemble into cholesteric liquid crystals.[10] This 
structural feature in CNCs has been utilized to produce mate-
rials with high mechanical performance,[11,12] or to generate 
materials with a photonic bandgap (PBG) for passive optical 
reflectors.[13,14] Liquid crystalline CNC materials can be tuned in 
their PBG by altering the helical pitch via the addition of salt[15] 
or intercalation of polymers.[11,16] When using responsive poly-
mers or stretchable rubbers, the PBG of such CNC composite 
materials can be changed by external triggers, endowing these 
systems with responses that qualify for sensor applications.[17]

While these passive photonic systems have reached relevant 
functional material levels, until today, there are no examples, 
where the self-assembly of CNC has been exploited to sculpt the 
active emission of light in photonic devices. Such an approach 
toward active optical resonators and lasers would push the 
functionality of CNC-based materials to a new level and combine 
it with interesting multifunctionality benefits of CNCs such as 

The transition toward future sustainable societies largely depends on disruptive 
innovations in biobased materials to substitute nonsustainable advanced 
functional materials. In the field of optics, advanced devices (e.g., lasers or 
metamaterial devices) are typically manufactured using top-down engineering 
and synthetic materials. This work breaks with such concepts and switchable 
lasers self-assembled from plant-based cellulose nanocrystals and fluorescent 
polymers at room temperature and from water are shown. Controlled structure 
formation allows laser-grade cholesteric photonic bandgap materials, in which 
the photonic bandgap is matched to the fluorescence emission to function as 
an efficient resonator for low threshold multimode lasing. The lasers can be 
switched on and off using humidity, and can be printed into pixelated arrays. 
Additionally, the materials exhibit stiffness above typical thermoplastic polymers 
and biodegradability in soil. The concept showcases that highly advanced 
functions can be encoded into biobased materials, and opens the design space 
for future sustainable optical devices of unprecedented function.
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good mechanical properties and processing from water. Along 
these lines, it is important to mention that self-assembling 
lasers have been reported based on small molecules,[18] poly-
mers,[19] and also synthetic colloids,[20] but the important ques-
tion to address is whether a biobased CNC-colloid with limited 
downgrading from the native high-performance structure (i.e., 
the cellulose crystals structure of cellulose-I as grown and as 
optimized for mechanical performance) and with an inherently 
broad size distribution can in fact provide a well-defined PBG 
material with sufficient quality for optical resonance. This tech-
nology would enable biodegradable and therefore compostable 
organic laser devices with precise optical quality produced from 
cheap and renewable plant-based building blocks from water 
and with a minimum of demanding synthetic modifications.

In this work, we set out to develop stimuli-switchable plant-
derived laser arrays based on self-assembling colloidal CNC 
dispersions that integrate water-soluble dye-functionalized 
polymers. These systems self-assemble into cholesteric CNC/
polymer films capable of acting as a switchable bandgap laser. 
We realize this challenge by structural optimization of the PBG 

during the self-assembly, and demonstrate the lasing emission 
of freestanding flexible and biodegradable CNC films. Moreover, 
we demonstrate a first laser switching (“on/off”) of these films 
using humidity and fabricate laser arrays by printing. These 
lasers can be composted in garden soil within a few weeks.

To produce a liquid crystal (LC) laser, two requirements need 
to be fulfilled.[21] First, we need a resonator, which is obtained by  
the PBG of the cholesteric CNC assembly. Second, we need a 
gain medium, which is realized by intercalating a fluorescent 
emitter into the liquid crystalline CNC phase. The PBG needs to 
be matched sufficiently well to the fluorescence spectrum of the 
fluorescent dye, to allow resonance of the emission.[22] For strong 
optical excitation, population inversion can be produced in the 
gain medium, allowing stimulated emission from the self-assem-
bled LC resonator. Virtually every self-assembled cholesteric liquid 
crystal will exhibit defects, which act as scattering sites, at which 
laser radiation can leave the resonator. To this end, we devised 
a general water-borne self-assembly approach for making plant-
based lasers by combining CNCs and tailor-made water-soluble 
polymers bearing rhodamine B as a fluorescent dye (Figure 1).

Figure 1. Self-assembling liquid crystal lasers from plant-based cellulose nanocrystals (CNC) and fluorescently doped copolymers poly(EG-co-HEMARho). 
a) Cholesteric CNC/poly(EG-co-HEMARho) nanocomposites form via aqueous evaporation-induced self-assembly (EISA) of twisted CNCs isolated from 
sustainable plants such as cotton and wood in combination with water-soluble copolymers that intercalate between the CNCs. The photonic bandgap 
(PBG) of the cholesteric film depends on the helical pitch (P). The copolymer is available in a non-functionalized version (poly(EG-co-HEMA) for 
reference purpose) and in a rhodamine B functionalized version (poly(EG-co-HEMARho)) (x = 19 mol%). (CNC and copolymer synthesis in Note S1, 
Supporting Information). b) Switchable CNC-based laser: overlap of the PBG of the CNC/poly(EG-co-HEMARho) film with the fluorescence emission 
of the poly(EG-co-HEMARho) allows photo pumped emission of laser light. c–f) The PBG can be tuned by the ratio of CNC to poly(EG-co-HEMA(X)): 
c,d) Cross-sectional SEM images depict the cholesteric structures of two different CNC/copolymer nanocomposites: c) CNC/poly(EG-co-HEMA) = 
100/0 (w/w) and d) CNC/poly(EG-co-HEMA) = 60/40 (w/w)). The two different helical pitches manifest macroscopically in different structural color 
reflection (insets). Film thicknesses are ≈30 µm. Scale bar: 500 nm (SEM) and 10 mm (photographs). e) The PBG can be tuned from UV to NIR by 
changing the ratio of CNC/poly(EG-co-HEMA) in the EISA process as seen by UV–vis–NIR transmittance measurements. The CNC content (from left 
to right): 100, 90, 80, 70, 60, 50, 40, and 30 wt% (full data in Note S2, Supporting Information). f) A comparison of the maximum reflectance of the 
PBG (λPBG) measured by UV–vis–NIR and as calculated from the helical pitch from SEM images shows a deterministic tuning in the range of 80 to  
40 wt% CNC. Limited expansion occurs at low poly(EG-co-HEMA) content because the poly(EG-co-HEMA) needs to fill the void space between the hard 
CNC colloids. Error bars of λPBG were calculated as three different positions of each iridescent CNC/poly(EG-co-HEMA) film with UV–vis spectroscopy 
(transmittance) and average values of more than 100 helical pitches of each sample (SEM), respectively.
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The CNCs were isolated from cotton by sulfuric acid hydrol-
ysis resulting in isolated nanocrystals that are stabilized by sul-
fonic acid groups on their surface. Atomic force microscopy 
(AFM) characterizes the CNCs to be 5.5 ± 1.7 nm in width and 
106 ± 25 nm in length (zeta potential ζ = -55.6 mV) (Figure S1 
and Table S1, Supporting Information). As fluorescent gain 
medium, we synthesized a poly(oligoethyleneglycol meth-
acrylate-co-hydroxyethyl methacrylate) (poly(EG-co-HEMA); 
Mn = 61 kDa, Đ = 1.2) as an intercalating copolymer. This non-
fluorescent copolymer serves as a reference for selected optical 
characterization of the PBGs, and one batch of this polymer 
was further functionalized at the HEMA units with rhodamine 
B to furnish the fluorescent poly(EG-co-HEMARho) containing 
3.6 wt% of covalently bound rhodamine B.

Since we need to tune the PBG of our cholesteric struc-
ture to overlap with the given emission spectrum of the rho-
damine laser dye to achieve a high coupling efficiency and a 
low laser threshold, we first set out to understand how the 
ratio of poly(EG-co-HEMA) to CNC influences the helical pitch 
and therefore the PBG. To be able to perform this analysis, we 
used the nonfluorescent poly(EG-co-HEMA), as otherwise the 
absorption of the dye would interfere and overpower any optical 
transmission or reflectance measurements to determine the 
PBG. Optical transmission measurements yield a peak wave-
length of the light reflected by the cholesteric structure (λPBG) 
for incident light normal to the surface. This peak wavelength 
can be correlated to the one (λPBG,SEM) calculated from the hel-
ical pitch (P) obtained by scanning electron microscopy (SEM) 
images using navg as the average refractive index of the com-
posite material of ≈1.54.[11,14,23]

n Pλ =PBG,SEM avg  (1)

Due to the nonionic nature of the copolymers, they coas-
semble nicely with the CNCs in mixed dispersions,[11,16] 
and cross-sectional SEM images confirm the formation of a 
long range-ordered cholesteric structure with a helical CNC 
arrangement after film casting (Figure  1c,d). A pure CNC 
film without poly(EG-co-HEMA) displays a P of 219  ±  10  nm. 
Upon increasing the content of poly(EG-co-HEMA), the pitch 
expands, and a ratio of CNC/poly(EG-co-HEMA) of 60/40 w/w 
delivers a P of 357  ±  11  nm. Concurrently, the macroscopic 
optical reflectance, a consequence of the PBG, changes from 
blue (λPBG = 325 ± 3 nm) to orange (λPBG = 550 ± 2 nm). This 
trend is fully consistent up to a very high polymer content of 
70 wt% with a continuous shift of the maximum reflectance 
to ≈950 nm (Figure 1e and Table S2, Supporting Information). 
The reflection peak, λPBG,SEM, calculated from SEM is in line 
with the UV–vis data (Figure 1f).

Having understood the optical performance of the CNC/
polymer nanocomposites, we turn to design CNC-based lasers 
by incorporating poly(EG-co-HEMARho) with the CNCs. Two 
main questions need to be solved: 1) What is the ratio of CNC 
to poly(EG-co-HEMARho) required to align electronic and optical 
bandgaps and obtain lasing?[24] 2) What is the minimum thick-
ness needed to produce maximum reflectivity and resonance? 
First, the emission maximum of rhodamine B is located at 
≈600 nm (Figure 2a). The dependence described in Figure 1e,f 
suggests that a ratio of CNC/poly(EG-co-HEMARho) = 54/46 w/w  

would allow for the required structural periodicity to provide 
an appropriate resonator structure with a maximum reflection 
wavelength λPBG for the rhodamine B emission.

Since the transmittance spectrum of such a CNC/poly(EG-
co-HEMARho) = 54/46 (w/w) film is a combination of the rhoda-
mine absorption and the reflection of the cholesteric CNC struc-
ture, we performed SEM to confirm the structural periodicity. 
This allowed to derive the PBG from the measured P to be at 
λPBG,SEM = 608 ± 10 nm, which indeed matches the rhodamine 
B emission profile well (Figure  2a). Second, we estimated the 
required film thickness to effectively reflect light with respect 
to the number of cholesteric pitch layers using simulations 
based on the Berreman’s 4 × 4 matrix method[25] (Figure  2b 
and Figure S3, Supporting Information). The simulations yield 
that only left-handed polarized light can be reflected due to 
the left-handed cholesteric structure formed by CNCs.[26] The 
maximum reflectivity increases with film thickness and levels 
off at high layer numbers. Additionally, the PBG becomes 
narrower. Thus, a thicker cholesteric resonator is expected to 
reduce the lasing threshold due to the enhanced reflectivity and 
sharpened PBG. Maximum reflectivity (>90%) is obtained after  
≈20 helical turns corresponding to a thickness of ≈8  µm. To 
satisfy these criteria and ensure macroscopically robust reso-
nators, we prepared films of ≈30  µm, being in the maximum 
reflectivity domain.

Due to the water-borne self-assembly approach, the CNC/
poly(EG-co-HEMARho) cholesteric composites are susceptible 
to moisture uptake and react with an expansion of the helical 
pitch and a consecutive redshift of the PBG. We quantified 
this response to relative humidity (RH) for a reference CNC/
poly(EG-co-HEMA) = 54/46 w/w film without rhodamine B. 
The PBG is relatively constant with changes of <10% up to a 
RH of 50%, while it increases substantially when reaching to 
values of up to 98% RH (Figure 2c). The shift is >25% at 98% 
RH and misaligns the PBG from the rhodamine B emission 
considerably—a property to which we will get back later in the 
context of switching.

Next, we carried out laser spectroscopy on freestanding cho-
lesteric CNC/poly(EG-co-HEMARho) films using a frequency 
tripled Nd:YAG laser coupled to an optical parametric oscil-
lator producing 10  ns pulses at a repetition rate of 20  Hz as 
a pump source. The excitation beam was ≈106  µm in diam-
eter (Figure S4a,b, Supporting Information). First, we tested a 
control sample where the PBG mismatches with rhodamine B 
emission such as CNC/poly(EG-co-HEMARho) = 60/40. Indeed 
only fluorescence is observed. Then we excited the film of CNC/
poly(EG-co-HEMARho) = 54/46 slightly below the maximum 
absorption wavelength of rhodamine B at λexc = 545 nm, as this 
typically results in a lower lasing threshold.[27] To determine the 
minimum excitation power at which lasing can be observed—
the laser threshold—we varied the laser excitation power. Only 
fluorescence is observed for the CNC/poly(EG-co-HEMARho) 
film at 33% RH at excitation densities below 500 µJ cm–2. How-
ever, when increasing the pump power to above the threshold of  
7.2 mJ cm–2, sharp lasing spectra are observed with the full 
width at half maximum (FWHM) of <1  nm and a slope effi-
ciency of 28% (Figure 2d,e). Higher excitation densities lead to 
multimode or random lasing, which are a result of dispersion of 
the LC CNC domain structures leading to slight local variations 
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of the PBG (Figure 2d). Modulating the relative humidity and 
hence the moisture content results in a change of the lasing 
threshold. The lowest threshold is obtained below 33% RH 
and the threshold increases for higher relative humidities  

(Figure  2h). Critically, for 98% RH, only fluorescence is 
observed (Figure 2f and Figure S5b, Supporting Information). 
First of all, this variation in threshold can be understood when 
considering dilution of the rhodamine B gain medium with 

Figure 2. Mirrorless lasing realized with self-assembled cholesteric CNC/poly(EG-co-HEMARho) = 54/46 (w/w) by matching fluorescence emission of 
the poly(EG-co-HEMARho) with the PBG of the cholesteric structure templated through the self-assembly of the colloidal CNCs. a) Optical properties of 
CNC/poly(EG-co-HEMARho) = 54/46 w/w films showing its transmittance spectrum (black), which is an overlay of the PBG reflectivity and poly(EG-co-
HEMARho) absorption. For comparison, the PBG determined by SEM (gray area) and the absorption (green) and photoluminescence spectra (pink) of 
the poly(EG-co-HEMARho) are shown. The PBG obtained from SEM image analysis coincides with the photoluminescence emission, enabling resonance 
of the emitted light. This is a prerequisite for laser activity. b) Calculated maximum reflectivity as a function of the number of pitches (helical turns) 
using Berreman’s 4 × 4 matrix method (Note S3, Supporting Information) shows that a maximum reflectivity is obtained at ≈20 helical turns, which 
corresponds to a thickness of ≈8 µm at a 395 nm helical pitch (characteristic of the lasing samples). The measured films typically have ≈30 µm in 
thickness, being in the maximum reflectivity domain. c) The PBG can be tuned by changing the relative humidity (%RH), which leads to swelling of the 
film. Reflectivity (λPBG) obtained for an analogous film without Rho (the presence of Rho would overpower reflectivity data due to strong vis absorp-
tion of Rho). d–i) Characterization of the laser and its switchability (Measurement setup and full data in Notes S4 and S5, Supporting Information): 
d) Power-dependent lasing spectra of CNC/poly(EG-co-HEMARho) at an excitation wavelength of 545 nm (blue: 0.5 mJ cm–2, orange: 7.2 mJ cm–2, and 
red: 100 mJ cm–2). e) Input–output curves in log–log scale showing a lasing threshold of 7.2 mJ cm–2 at 33% RH. The slope of the linear fit in the lasing 
regime above threshold represents the slope efficiency: slope of 0.28 = 28%. f) Only fluorescence is observed at 98% RH due to excessive expansion of 
the PBG. This detuning leads to loss of the resonance effect. g) The strongest lasing peak of the multimode spectrum λlas shifts to longer wavelengths 
for higher relative humidities. h) Lasing thresholds as a function of various RHs. The bathochromic shift of the PBG leads to increased laser thresholds 
and eventually to suppression of lasing. i) Reversible switching between lasing and non-lasing by changing the relative humidity from 33% to 98%.
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increasing relative humidity. Second, the variation in threshold 
could be the result of the change in PBG with increasing RH. 
To test this hypothesis, we investigated the spectral position of 
the laser modes. Theoretically, when changing the PBG across 
the fluorescence spectrum by increasing RH, one would expect 
the laser wavelengths to shift with the PBG until there is no 
more overlap between the rhodamine B gain spectrum and the 
PBG. Indeed, this shift is observed; however, only within the rel-
atively narrow gain spectrum of rhodamine B (590–620 nm).[28] 
The maximum reflection wavelength of the PBG shifts with 
RH by a much greater extent than the strongest laser peak λlas 
for the same RH (Figure 2g and Figure S6, Supporting Infor-
mation). This apparent discrepancy between PBG and λlas is a 
result of the relatively broad PBG, which overlaps with the gain 
spectrum of rhodamine between 10% RH and 84% RH.

The shift in maximum laser wavelength λlas and threshold 
with RH is reversible. This allows us to establish a robust and 
reversible switching mechanism, where we shift the PBG of the 
LC CNC resonator in and out of the rhodamine B gain spec-
trum. We obtain the best overlap of the PBG with the gain spec-
trum for 10% RH and 30% RH. For higher RHs the shift of 
the PBGs results in subsiding resonator quality, leading to an 
increase of the laser threshold up to the point where there is 
no more overlap and only fluorescence is observed at 98% RH 
(Figure 2h). Making use of this effect, the films can be revers-
ibly switched between lasing and nonlasing by changing the 
humidity between optimal (33% RH) and worst (98% RH) reso-
nator conditions over more than 10 cycles (Figure 2i). To inves-
tigate the robustness of the CNC-based lasers, we checked the 
same films after storage for 1 year in air and found the same 
lasing wavelength λlas = 591 nm and threshold of 7.5 mJ cm–2 (at 
33% RH; Figure S5b, Supporting Information). The combina-
tion of excellent stability in air and film flexibility highlights the 
potential applications for such CNC-based laser film for future 
sustainable lasing devices, display and security features as well 
as precise and durable moisture sensors.

To confirm that the laser resonance occurs in direc-
tion of the cholesteric LC axis of our rhodamine-doped 

CNC/poly(EG-co-HEMARho) films, we used a hyperspectral 
imaging setup (Figure 3a) to resolve the mode profiles of each 
laser peak within the multimodal laser spectra (Figure  3b,d). 
The image of the laser emission spot is deconvolved for the dif-
ferent modes that resonate at different wavelengths (Figure 3d). 
Laser mode profiles are specific for different resonator geom-
etries.[29] A typical spatial pattern of the CNC laser above the 
threshold is approximately round at 40× magnification and rep-
resents a superposition of the different laser modes (Figure 3b). 
This laser spot can be spectrally resolved into the individual 
mode profiles (Figure 3d). The revealed mode patterns are con-
sistent with simple transverse electromagnetic mode patterns 
(TEM) modes, substantiating that light is resonating within the 
periodic LC pitch, perpendicular to the substrate (Figure 3c).

As a proof-of-concept, we fabricated self-assembling laser 
arrays by inkjet printing of CNC/poly(EG-co-HEMARho) disper-
sions with a ratio of 54/46 (Figure  4a,b). The cross-sectional 
SEM image of the dried droplet array (droplet diameters of 
≈2.5  mm) reveals a clear helically stratified layered structure 
with a P of 395 ± 10 nm (Figure 4b). Similar to above, when the 
homogeneous and circular droplets are pumped by a Nd:YAG 
laser source, a strong and sharp lasing emission is observed 
(Figure  4c). The laser peak has a FWHM of 0.2  nm, which 
together with the clear threshold behavior confirms that these 
printed arrays can also serve as lasers.

To underscore the multifunctionality of these films, we also 
investigated the mechanical tensile properties as an important fea-
ture of making robust lasers, because high stiffness and strength 
would be desired to prevent inelastic deformation during handling 
and deformation of the PBG structure. The tensile properties 
display high stiffness (E = 3.1 ± 0.7 GPa), substantial elongation 
(εb = 16.9 ± 1.1%), good toughness (Ut = 5.4 ± 0.2 MJ m–3), and 
high tensile strength (σb  = 41.3  ±  1.7  MPa). Importantly, the 
stiffness as imparted by the high CNC stiffness is higher than 
for typical thermoplastic polymers or molecularly dissolved cel-
lulose polymers, highlighting a particular advantage of using 
these stiff biocolloids. For a comparison regarding mechanical 
properties of cholesteric CNC/polymer films prepared by similar  

Figure 3. Deconvolution of mode profiles amplified inside the self-assembled colloidal CNC lasers. a) Schematic illustration of the hyperspectral 
imaging setup. Adapted with permission.[30] Copyright 2011, Springer Nature. b) A representative image of the laser emission coming from the  
coassembled CNC lasers. Scale bar: 50 µm c) The four most simple transverse electromagnetic mode patterns (TEM) for modes that propagate in 
the coassembled CNC plane. d) Laser spectrum of a representative sample at 40% relative humidity. The top shows the spectrally deconvolved laser 
modes, that make up the recorded laser emission. The inset shows a close up of a TEM01 mode.
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self-assembly routes, we refer to a recent article containing 
appropriate Ashby plots.[31] Finally, we demonstrate the ecof-
riendly aspect of the materials by placing the CNC/poly(EG-co-
HEMARho) into an ordinary cotton plant pot. This allows for deg-
radation and composting of the film. The lasing film is visually 
degraded after 92 d (Figure 4f). The degradation involves disper-
sion, hydrolytic, enzymatic and microbial degradation, which is 
most easy for the cellulose component and the EG side chains, 
while the polymethacrylic acid backbone is most challenging to 
fully degrade. Overall the strategy however displays the potential 
for a cradle-to-cradle lifecycle from cellulose to be composted and 
be reconstituted by plants into cellulose.

In summary, we demonstrated a conceptual approach 
toward sustainable switchable lasers composed of cellulose 
nanocrystals and dye-doped water-soluble polymers. The reso-
nator forms via evaporation-induced self-assembly and affords 
plant-derived lasers with thresholds as low as 7.2 mJ cm–2. The 
developed formulations enable the production of laser arrays by 
combining additive manufacturing (AM) technology with col-
loidal self-assembly, opening up the potential for enhancing 
lasing source density.

Looking out to the future, we envisage that such lasers can be 
made switchable by outside triggers other than humidity using, 
e.g., stimuli-responsive polymers. Additionally, we suggest 
that they can be produced fully from biobased resources using 
biobased polymers as intercalating agents and using biobased 
fluorochromes as dyes such as in engineered proteins or even 
largely available algae fluorophores. In operation, the plant-
based laser sources are flexible, air-stable and exhibit robust 
mechanical properties, while they also offer biodegradability in 
compositing environment. These properties render the switch-
able laser system suitable for cradle-to-cradle processing and 
future sustainable materials strategies in optical devices, such 
as flexible lasers, displays, array optics, and security features.

Experimental Section
Materials: Microcrystalline cellulose (MCC, Avicel PH-101), 4-cyano-

4-(phenylcarbonothioylthio)pentatonic acid (CPPA, >  97%), 2,2′-azobis 
(2-methylpropionitrile) (AIBN, 98%), rhodamine B isothiocyanate 
(RBITC, mixed isomers, BioReagent), poly(ethylene glycol) methyl 
ether methacrylate (OEGMA, Mn  ≈ 475  g mol–1, 98%), 2-hydroxyethyl 

Figure 4. Printing of CNC laser array using CNC/poly(EG-co-HEMARho) inks and biodegradability of plant-based lasers. a) Printing by droplet dis-
pensing allows patterning of the plant-based laser formulation into arrays, in which the cholesteric structure forms through EISA. b) Photograph 
showing a dried CNC/poly(EG-co-HEMARho) droplet array. The inset depicts the cross-sectional SEM image of CNC/poly(EG-co-HEMARho) nanocom-
posite (54/46, w/w) with a clear helically stratified layer structure. Scale bar: 10 mm and 500 nm (inset). c) Lasing from the printed array with an excita-
tion intensity of 100 mJ cm–2. Photograph showing the homogeneous and circular CNC/poly(EG-co-HEMARho) nanocomposite droplet. Scale bar: 1 mm.  
d) Stress–strain curve of lasing CNC/poly(EG-co-HEAMRho) nanocomposite (54/46 w/w). It displays high stiffness E = 3.1 ± 0.7, above typical thermo-
plastic polymers, due to the reinforcing efficiency of super stiff CNCs, substantial elongation, εb = 16.9 ± 1.1% to provide toughness, Ut = 5.4 ± 0.2 MJ m–3,  
at high tensile strength of σb  = 41.3  ±  1.7  MPa. Gray area indicates the standard deviation. e) Biodegradation test by placing a CNC/poly(EG-co-
HEMARho) nanocomposite into the soil of a plant pot. The sample is framed with Scotch tape and buried at 30 cm depth and fed with water every  
4 d (≈0.7 mL cm–2). f) Photographs showing the degradation progress as a function of time. The lasers are completely degraded after 92 d. Scale bar: 
10 mm.
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methacrylate (HEMA, >97%), N,N-dimethylformamide (DMF, analytical 
grade) were purchased from Merck, Germany. Anhydrous DMSO 
(≥99.8%) and triethylamine (TEA, ≥99.5%) were provided by Carl Roth, 
Germany. OEGMA and HEMA were purified by passing through a basic 
alumina column.

Synthesis of Cellulose Nanocrystals: Cellulose nanocrystals were 
isolated from microcrystalline cellulose (MCC) via acid hydrolysis. The 
MCC was hydrolyzed with 64 wt% H2SO4 (8.75  mL per gram of MCC) 
at 45 °C for 60  min. The CNC suspension was poured into precooled 
deionized water to stop the hydrolysis and was washed three times by 
centrifugation at 8000  rpm for 30 min. The resultant white suspension 
was dialyzed against deionized water for 7 d to remove excess acid, low 
molecular weight carbohydrates, and other water-soluble impurities. The 
CNC suspension after dialysis was ultrasonicated for 20  min and then 
concentrated to the desired concentration with rotatory evaporation. The 
final pH of CNC dispersion (≈1.0 wt%) is 2.8.

Copolymerization of Poly(EG-co-HEMA) via RAFT Polymerization: 
In a typical procedure, OEGMA (5.0  g, 10.0  mmol), HEMA (0.3  g, 
2.5 mmol), CPPA (11.6 mg,0.04 mmol), and AIBN (1.37 mg, 0.008 mmol) 
were dissolved in DMF (15 mL) and the solution was deoxygenated by 
bubbling with N2 for 30  min. The vessel was placed into a preheated 
oil bath (60 °C) to trigger the polymerization. The reaction was allowed 
to proceed for 10 h and stopped by placing the vessel into an ice bath. 
The copolymer was dialyzed against deionized water for 5 d and freeze-
dried to yield the purified product. The molar fraction of HEMA in 
copolymer determined by 1H NMR was 19 mol% and molecular weight 
analyzed with GPC was Mn, 61 kDa at a dispersity (Đ) of 1.2 (Figure S2, 
Supporting Information).

Synthesis of the Rhodamine-Doped Fluorescent Copolymer: Fluorescent 
poly(EG-co-HEMARho) was prepared by conjugating rhodamine 
B isothiocyanate to the pendant hydroxyl groups of EG-co-HEMA. EG-co-
HEMA (0.5 g), rhodamine B isothiocyanate (40 mg) with trace amounts 
of TEA ((5 µL) was dissolved in anhydrous DMSO (10 mL). The reaction 
vessel was sealed and placed into a preheated oil bath (50 °C) for 16 h. 
The product was dialyzed against deionized water for 5 d and freeze-
dried. The rhodamine content in poly(EG-co-HEMARho) was determined 
with UV–vis spectroscopy to be 3.6 wt%.

Fabrication of Cholesteric CNC/copolymer Nanocomposite: A 1 wt% 
CNC dispersion (pH 2.8) was added dropwise to a 1 wt% aqueous 
polymer solution under vigorous stirring to ensure homogeneous 
dispersions. The volumes were matched to achieve the respective bulk 
weight fractions. The CNC/polymer dispersion was stirred for 24 h  
and then concentrated to ≈5 wt% using rotatory evaporation. After 
further overnight stirring, the dispersion was poured into a Petri 
dish (Φ  = 34  mm) for film casting aiming for thicknesses of 30  µm. 
The CNC/polymer suspension was sealed and stabilized for 10 d for 
defect annealing and subsequently evaporated slowly. Freestanding 
films were obtained after peeling off from the Petri dish after complete 
drying.

Materials Characterization: The molecular weight distribution of the 
poly(EG-co-HEMA) copolymer was determined using gel permeation 
chromatography using an Agilent 1200 system equipped with a refractive 
index detector with DMAc as eluent. One precolumn and three GRAM 
gel columns (8  ×  300  mm, Polymer Standards Service) with nominal 
pore widths of 30, 1000, 1000 Å were used at a flow rate of 1 mL min–1 
at 50 °C. A poly(methyl methacrylate) calibration curve was used for the 
evaluation.

The optical properties of the CNC/polymer composites at various 
RHs were characterized with UV–vis spectroscopy in the range of  
250–1100 nm on a Shimadzu UV-1800 spectrophotometer with a custom-
built humidity chamber.

The dimensions of individual CNC colloid were imaged with a 
MultiMode 8 atomic force microscope (AFM, Bruker) in tapping mode.

The cross-sectional SEM images were acquired with a Scios 2 
DualBeam microscope using an acceleration voltage of 5  kV. Samples 
were sputtered with a thin Au/Pd layer.

Tensile tests were performed using a DEBEN minitester with a 20 N  
load cell at room temperature. The testing speed was 0.3  mm min–1.  

The specimens were kept at 50% RH for 24 h prior to the test. The 
specimen sizes were 15 mm × 2.25 mm with a gauge length of 10 mm 
at a thickness of 30 µm. 10 specimens were prepared by cutting with a 
razor blade and subsequently tested.

Zeta potential of 0.1 wt% CNC dispersion was measured using a 
Zetasizer Nano-ZS ZEN 3600 (Malvern Instruments).

The conductometric titration was performed on a Titrando 907 
(Metrohm, Switzerland) at 25 °C to determine the pKa value, the pH 
value and sulfur content of CNC dispersion.

Lasing Characterization: The CNC/poly(EG-co-HAMERho) 
nanocomposite was characterized with regards to its emission using 
an AIQTEC microscopic imaging spectrometer (MIS1000) mounted on 
an optical microscope (Nikon Eclipse Ti) equipped with a magnification 
of 40× in a reflection mode (incident angle = 0°) (see Figure S4b, 
Supporting Information). The MIS 1000 is equipped with a spectrometer/
monochromator with gratings of 300, 600, and 1200 lines and a cooled 
charge-coupled device detector, leading to maximum optical resolution 
of <1  nm. The samples were pumped by frequency-tripled Nd: YAG 
laser source with an optical parametric oscillator to tune the excitation 
wavelength. The pulse duration was 10  ns at a repetition rate of 10 or 
20  Hz. The emission spectra were obtained by a single pulse with the 
excitation power density above the threshold. The emission spectra of 
the sample were recorded in a RH-controllable Petri dish to investigate 
the RH-dependence of the lasing threshold and spectral features.

More details on the setup for lasing characterization is explained in 
Note S4 (Supporting Information).

Biodegradation Test: Biodegradability of the CNC/poly(EG-co-
HEMARho) nanocomposite was tested in garden soil (FINEST GARDEN, 
Germany) using a cotton plant in an ordinary clay pot. The samples 
(3 × 3 cm) were framed with Scotch tape and buried at 30 cm depth. The 
soil pot was fed with ≈0.7 mL cm-2 of tap water every 4 d. The samples 
were imaged after 0, 10, 55, 72, 82, 92 d to monitor the degradation 
progress.

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