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Cellulose nanocrystals (CNCs) are appealing building blocks to replace plastic for the fabrication of more 
sustainable photonic and barrier materials. Aqueous suspensions of CNCs are typically mixed with polymers 
to improve the mechanical flexibility of the dry nanocomposite, adding further functionalities. However, the role 
of the additives in the suspension state, and how they affect the processing and final properties of the material still 
requires further studies. In this work, the interactions between CNCs and polyethylene glycol diacrylate (PEGDA), 
a water-soluble, photocurable polymer, were investigated through a multi-scale approach involving small-angle 
X-ray and light scattering (SAXS and SALS). PEGDA was found to adsorb on the surface of CNCs, exhibiting 
two behaviour regimes depending on the mass ratio between PEGDA and CNCs (R𝑃𝐶 ). Below a threshold ratio 
(R𝑃𝐶=0.5), PEGDA weakened the chiral interactions between CNCs, reducing the anisotropic volume fraction 
and increasing the cholesteric pitch. Above this threshold (R𝑃𝐶>0.5), the adsorbed polymer enhanced the helical 
twisting power, resulting in higher amounts of anisotropic phase and shorter pitch values. This non-monotonic 
trend was attributed to the structure of the adsorbed PEGDA layer on the surface of the CNCs, first masking 
the chiral features of the twisted nanoparticles, then enhancing the transmission of chirality due to changes in 
particle morphology and effective particle volume fraction. A simultaneous decrease in the suspension dielectric 
constant amplified this effect, strengthening interparticle interactions. Finally, rheo-optical experiments provided 
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further insights into the formation of the cholesteric structure, showing that larger amounts of polymer delayed 
the isotropic-cholesteric phase transition.

1. Introduction

Driven by ever-increasing environmental concerns, research on 
biopolymers has gained momentum over the last decades, attempting 
to replace petroleum-based materials with more sustainable alternatives 
[1]. Cellulose, the most abundant biopolymer on earth, is available in 
the form of nanofibres or nanocrystals by mechanical and/or chemical 
processing of sources such as wood, tunicates, and bacteria, among oth-

ers. These building blocks, in turn, can be processed into self-standing, 
biocompatible materials, such as films, membranes, gels and porous 
scaffolds for valuable applications [2].

Cellulose nanocrystals (CNCs) are compelling starting materials, ow-

ing to their high tensile strength (7.7 GPa), low density (1.6 gcm−3), 
large surface area and ease of chemical modification. CNCs are rod-like, 
crystalline particles typically obtained from the acid hydrolysis of cellu-

lose microfibrils. The acid treatment decorates their surfaces with sulfate 
half-ester groups, which in turn endow CNCs with colloidal stability in 
both aqueous and in some non-aqueous media (DMSO, DMF) [3]. CNCs 
exhibit liquid crystal behaviour in polar and non-polar solvents, self-

assembling and separating into a chiral nematic phase and an isotropic 
phase. The chiral nematic, or cholesteric organisation, can be described 
as a series of pseudoinfinite planes of CNCs aligned in the same direc-

tion, which turn in a helicoidal fashion around the axis perpendicular 
to the CNCs’ planes. The period of the helix, termed cholesteric pitch, 
falls in the micrometre range for aqueous suspensions of CNCs [4].

The cholesteric structure is maintained upon removing the solvent, 
allowing the production of CNC-based thin films with attractive pho-

tonic properties. Typically, the cholesteric pitch is reduced to few hun-

dreds of nanometres, interacting with visible light and giving rise to the 
so-called “structural colours” [5]. Moreover, the structural organisation 
of CNCs can be modulated by modifying the properties of the particles 
and suspensions (i.e., size and surface chemistry, concentration, ionic 
strength), as well as by applying external stimuli, such as shear flow 
and electromagnetic radiation, increasing the versatility of CNC-based 
materials [6]. The processing of CNC suspensions into films, carried out 
by increasing the concentration through controlled solvent removal, is 
hindered by several drawbacks that limit its industrial deployment [5]. 
These include structural heterogeneities caused by concentration gra-

dients during evaporation, and the brittleness of the film due to the 
crystalline nature of CNCs, both compromising the functionality and 
flexibility of the final material [7].

To overcome these limitations, polymers are often added to CNC 
suspensions, acting as plasticizers in the dry nanocomposite. Polyethy-

lene glycol diacrylate (PEGDA) is a hydrophilic and biocompatible PEG 
derivative capped by two acrylate moieties, which can cross-link under 
UV radiation in presence of a suitable initiator molecule. Over the last 
decade, the combination of PEGDA and CNCs to develop new materials 
has been reported in the literature. Examples include the preparation of 
CNC-PEGDA hydrogels and their processing via 3D-printing into scaf-

folds for tissue engineering [8–11], or stimuli-responsive CNC photonic 
films, prepared from solvent casting and evaporation [12–14]. More re-

cently, PEGDA was used to prepare oriented thin film nanocomposites 
by combining ultrafiltration of CNCs with subsequent photocuring [15].

In all cases, the physicochemical interactions between PEGDA and 
CNCs are critical to the properties of the suspension, and therefore to-

wards the processability of said suspensions into the final materials. 
However, few of the cited articles have led an investigation in this re-

gard. Huang et al. (2020) and Feng et al. (2023) conducted FT-IR studies 
on the nanocomposites containing CNC and cross-linked PEGDA, re-

porting the presence of hydrogen bonding between the two components 
[13,12]. Nonetheless, the adsorption of the more common species PEG 

on CNCs in the suspension state is still being debated in the literature 
[16,17], and a systematic study concerning the PEGDA derivative in 
the liquid and solid state is missing. This gap of knowledge is due to 
the complex multi-scale behaviour exhibited by CNC suspensions, and 
the necessity of a suitable investigation approach to link all the relevant 
lengthscales (nanometre to micrometre).

This work attempts to fill this gap by investigating the physicochem-

ical interactions between PEGDA and CNCs in aqueous suspensions. 
First, the interactions between nanoparticles and polymer were stud-

ied in diluted conditions, aiming at highlighting adsorption phenomena 
on the surface of the CNCs. Then, the effect of adding PEGDA on the 
liquid crystalline behaviour of CNCs was examined, combining the use 
of small-angle scattering techniques to assess changes of the structural 
behaviour at the nanoscale and microscale. Finally, rheometry coupled 
with optical microscopy was employed to analyse the CNC and PEGDA 
suspensions, linking the evolution of flow properties to the appearance 
and the size of the cholesteric domains.

2. Materials and methods

2.1. Materials

Cellulose nanocrystals (CNCs) were purchased from UMaine Devel-

opment Centre (University of Maine, USA) as an aqueous suspension in 
their Na+ form (10.6% wt.), with a sulphur content of 1.1 g per 100 g of 
CNCs [18]. The CNCs were dispersed by sonication using a Branson Dig-

ital Sonifier (Emerson Electric Company, USA), with a sonication dose 
of 130 kJ⋅g−1⋅L−1. The dose was calculated by first determining the 
acoustic power of the apparatus under set operating conditions (30% 
duty cycle, 100% power output) on a 10.6% wt. CNC suspension, as de-

scribed by Taurozzi et al. (2011) [19]. Then, the dose was normalized by 
the sonication time, the suspension volume and concentration of CNCs, 
following recent guidelines in the literature [20,21]. The dimensions of 
the CNCs were previously determined using electron microscopy and 
image analysis [22]. The CNCs were 127.4 ± 34 nm in length, and 10.9 
± 2.6 nm in width.

Polyethylene glycol diacrylate (PEGDA, molecular weight 675-725 
g⋅mol−1, average molecular weight 700 g⋅mol−1) was purchased from 
Sigma Aldrich (Sigma Aldrich, France) and used without further pu-

rification. The samples were prepared by adding PEGDA to the CNC 
suspension, leaving them under magnetic mixing for 24 h prior to anal-

ysis. The ionic strength of the samples was controlled by diluting the 
concentrated CNC aqueous suspension with a NaCl solution (10 mM). 
These samples were labelled according to the mass ratio between PEGDA 
and CNCs, using the nomenclature R𝑃𝐶= x.

Another set of samples was prepared by varying simultaneously the 
amount of CNCs and PEGDA. In this case, the nomenclature for the sam-

ples was CXPY, where X and Y represent the mass fraction of CNCs and 
PEGDA, respectively. The ionic strength varied between 0.22 mM and 1 
mM.

2.2. Isothermal titration calorimetry (ITC)

The interactions between CNCs and PEGDA molecules were inves-

tigated using a Nano ITC instrument (TA Instruments, USA). The CNC 
suspension (0.1% wt.) was titrated using a 0.1% wt. PEGDA solution, 
in aliquots of 10 μL. Additional experiments were carried out by vary-

ing the concentration of CNCs (0.05, 0.5, 1% wt.). For each experiment, 
22 injections were performed every 500 s at 25 °C under constant stir-
ring (300 rpm). The heat of CNC-PEGDA interaction was normalized 
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by subtracting the heat of dilution of PEGDA, CNC and water with dis-

tilled water. The resulting data were processed with the NanoAnalyze 
software (TA Instruments, USA).

2.3. Quartz crystal microbalance with dissipation monitoring (QCM-D)

The experiments were carried out using a Q-Sense E4 instrument 
(Biolin Scientific, Sweden). The adsorption of PEGDA on CNCs was 
carried out by first injecting a solution of polyetherimine (PEI) (0.1% 
wt.), on a gold disc, which was previously cleaned using an ultrasonic 
bath. The flow rate was set to 50 μL⋅min−1 throughout the experiment. 
The cell was rinsed with a buffer solution (10 mM NaCl), waiting until 
the measured fundamental resonance frequency and dissipation energy 
stabilized. Then, the CNC and PEGDA solutions (0.1 and 1% wt., re-

spectively) were injected in sequence into the cell. The variations in the 
resonance frequency and dissipation were measured also for the 3rd, 
5th, 7th and 11th overtones.

2.4. Dynamic light scattering (DLS) and electrophoretic mobility (EM)

The apparent particle size and electrophoretic mobility of CNCs as a 
function of PEGDA content were determined using a Malvern Zetasizer 
ZS (Malvern Panalytical, United Kingdom). The particle concentration 
was diluted to 0.1% wt. with a 1 mM NaCl solution, and the cell tem-

perature set to 25 °C. The measurements were carried out in 15 cycles 
for the particle size (10 for the electrophoretic mobility), in triplicates.

2.5. Fourier transform infrared spectroscopy (FT-IR)

Fourier-transform spectra were acquired using a Spectrum Two in-

strument (Perkin Elmer, USA), equipped with a liquid cell. The samples 
were placed between two CaF2 windows, using a 20 μm Teflon spacer. 
The spectra were collected between 4000 and 1000 cm−1, using a 4 
cm−1 resolution, with a total of four scans per sample.

2.6. Small-angle X-ray scattering (SAXS)

A first set of SAXS measurements was carried out at the SWING beam-

line (SOLEIL, Saint-Aubin, France). The incident energy was fixed at 16 
keV (𝜆=0.048 nm), with a beam size of 75x375 μm2. The scattering 
patterns were collected on an Eiger 4M photon-counting X-Ray detec-

tor (Dectris, Switzerland) placed in the vacuum tunnel of the beamline 
at two distances (6.2 and 0.5 m), with a resulting scattering vector (q) 
range of 1.4⋅10−2 to 2.5⋅101 nm−1. Prior to the experiments, the sam-

ples were placed in borosilicate capillaries that were flame-sealed and 
stored vertically. Data reduction of the scattering patterns was obtained 
using the FOXTROT program available on the beamline.

The second set of SAXS measurements was performed at the 
TRUSAXS instrument (beamline ID02) (ESRF, Grenoble, France) on 
quartz capillaries containing the CXPY samples. The incident energy 
was 12.23 keV (𝜆=0.101 nm), beam size 50x25 μm2 and the sample-

to-detector distance (SDD) set to 10 m, with a scattering vector q from 
0.007 to 0.7 nm−1. The interparticle distance between CNCs (d𝐶𝑁𝐶 ) 
was calculated from the peak of the azimuthally-averaged 1D intensity 
using Eq (1):

𝑑𝐶𝑁𝐶 = 2𝜋∕𝑞∗ (1)

where q* is the wavevector corresponding to the position of the peak. 
For both datasets, background and solvent signals were subtracted from 
the scattering patterns, returning the absolute scattering intensity I(q) 
(mm−1).

2.7. Small-angle light scattering (SALS)

SALS measurements were performed using a bespoke setup previ-

ously reported in the literature [23,24]. The samples were poured into 2 

mm quartz cuvettes (Hellma Analytics, Germany), sealed with Parafilm, 
and stored in the dark for 7 days. The cuvettes were illuminated with 
a He-Ne laser (𝜆 = 632.5 nm), and the scattered intensity was fo-

cused with a Fresnel lens towards the detector (AV MAKO G-419B POE 
CMOS sensor, Allied Vision). The recorded 2D scattering patterns was 
regrouped and averaged with a custom MATLAB-based software (Math-

works, USA) and SAXSutilities2, respectively [25,26]. The q range pro-

vided by the SALS setup was between 2.3⋅10−5 and 7⋅10−3 nm−1. The 
cholesteric pitch (P) was calculated from the first-order peak intensity 
of the 1D azimuthally-averaged scattering patterns, according to Eq (2):

P = 4𝜋∕𝑞∗∗ (2)

where q** is the wavevector corresponding to the position of the peak.

2.8. Polarized photography

The anisotropic volume fraction of the samples was calculated by 
taking photographs of the sealed cuvettes (Hellma Analytics, Germany) 
using two cross-polarizers to enhance the contrast due to the birefrin-

gence of the anisotropic phase. The volume fraction was calculated by 
measuring the ratio of the total suspension height and the height of the 
anisotropic phase with ImageJ software (National Institute of Health, 
USA).

2.9. Polarized light microscopy (PLM)

The samples were sealed between a microscope slide, an adhesive 
spacer of height = 250 μm and a coverslip, and let to rest vertically 
in the dark for 7 days. Images were taken with a Leica DM LM polar-

ized light microscope (Leica, Germany), using a magnification of 20x 
and 50x. The cholesteric pitch P was calculated from the Fourier trans-

form images of the fingerprint pattern, using a custom image processing 
workflow developed in Python. For each sample, 10 images were col-

lected and analysed, and the average pitch value calculated.

2.10. Rheometry and rheo-microscopy

Rheological measurements were carried out on a Physica MCR 501 
stress-controlled rheometer (Anton Paar, Austria). The samples were 
sheared between 0.01 and 1000 s−1 using a cone-and-plane measuring 
system (75 mm diameter, 149 μm truncation height, angle 0.991°). The 
measurements were carried out in triplicates at 20 °C, using a solvent 
trap to prevent solvent evaporation.

Measurements were also carried out in oscillation mode, using a glass 
cone-and-plane measuring system (50 mm diameter, 55 μm truncation 
gap, angle 0.991°). The samples were first subject to an oscillation step 
for 5 minutes (1% amplitude, 1 Hz), followed by 1 minute of shear at 
1000 s−1 and an oscillation step (1% amplitude, 1 Hz) for 60 minutes. 
Polarized microscopy images were acquired throughout the experiment 
every 15 seconds using the Rheo-microscope accessory to monitor the 
microstructure of the samples. The cholesteric pitch was determined us-

ing the same image analysis workflow as for the PLM images.

3. Results and discussion

3.1. Molecular interactions between CNCs and PEGDA

The physiochemical interactions between CNCs and PEGDA were 
first assessed by ITC (Fig. 1). Upon injecting the PEGDA solution in 
the ITC cell, a series of endothermic peaks were observed. The normal-

ized heat, obtained by subtracting the contribution of water, CNCs and 
PEGDA (Supporting Information Figure S1) in Fig. 1, reached a plateau 
at R𝑃𝐶=0.1; the signal was attributed to the adsorption of PEGDA 
molecules onto the surface of CNCs present in the ITC cell. Additional 
experiments with more dilute CNC concentrations, set to detect the on-

set of the sigmoidal curve typically observed in ITC experiments, are 
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Fig. 1. Isothermal titration calorimetry (ITC) experiment, showing the normal-

ized heat obtained by subtracting the contribution of water-water, water-CNCs 
and water-PEGDA dilution, as a function of the mass ratio between PEGDA and 
CNC (R𝑃𝐶 ). The CNC suspension (0.1% wt.) was titrated with a 0.1% wt. PEGDA 
solution in 10 μL aliquots.

shown in the Supporting Information (Figure S2). Despite reaching rel-

atively low PEGDA/CNC ratios (R𝑃𝐶=0.002), the start of the sigmoidal 
curve could not be determined. Hence, a more qualitative data analysis 
is presented, in place of a data fit with the Langmuir isothermal model.

First, a theoretical calculation was carried out to estimate the R𝑃𝐶

value required to saturate the surface of one CNC by PEGDA molecules, 
following the example reported by Navon and colleagues [27]. The de-

tails can be found in the Supporting Information. By assuming that the 
polymer adsorbed as a sphere, the calculations returned R𝑃𝐶=0.10, in 
close agreement with the plateau R𝑃𝐶 value observed in Fig. 1.

The adsorption of neutral polymers on nanocelluloses in solution is 
often attributed to the entropic gain of releasing solvent molecules from 
both the polymer and the nanocellulose surface, both in aqueous and 
apolar media [28–30]. Since specific data on the interactions between 
PEGDA molecules on cellulose surfaces is currently missing, some paral-

lels can be drawn from the studies on PEG and CNCs. The adsorption of 
PEG in solution is still being debated, with the work of Reid et al. (2017) 
demonstrating that PEG of various molecular weights (0.3-10 kDa) did 
not interact through hydrogen bonding with CNCs in the ITC experi-

ment [31]. While other research groups reported the adsorption of PEG 
molecules, the authors justified these discrepancies by considering the 
nanoscale effects, and the occurrence of hydrophobic edges on CNCs 
[31,16]. In this regard, Holappa and colleagues reported that the chem-

ical modification of PEG chains with hydrophobic end-groups allowed 
their adsorption on cellulose substrates [32]. The presence of diacry-

late moieties in PEGDA might contribute similarly to their adsorption 
on CNCs.

The current investigation on the PEGDA-CNC suspensions corrobo-

rates the absence of hydrogen bonding-driven interactions, supporting 
instead the role of solvent entropy in the adsorption of this PEG deriva-

tive on CNCs.

The interaction was also investigated with QCM-D measurements 
(Supporting Information Figure S3). Following the formation of a CNC 
layer, the injection of the polymer solution had a modest, yet visible 
shift in the dissipation and resonance frequency. The following rinsing 
by the buffer solution resulted in a comparable shift in the opposite di-

rection for both Δf and ΔD, suggesting that the layer of adsorbed PEGDA 
was partially removed. This could be attributed to the relatively weak 
physiadsorption exhibited by the polymer on the CNCs. Nevertheless, 
after rinsing the QCM-D cell with the buffer solution, another CNC in-

jection was performed, showing a decrease in resonance frequency and 
an increase in the dissipation. This observation was attributed to the for-

mation of a second CNC layer on the newly PEGDA surface, previously 
injected and adsorbed. While the evidence was indirect, the results from 
this experiment also supported the interaction between the polymer and 
CNCs.

Further insights were provided by dynamic light scattering (DLS) and 
electrophoretic mobility (EM) measurements, presented in Fig. 2. The 

Fig. 2. Hydrodynamic diameter (circles) and electrophoretic mobility (EM, di-

amonds) measurements of diluted CNC suspensions (0.1% wt.) with increasing 
amount of PEGDA (0.05-0.25% wt.). The measurements were averaged over 15 
cycles for DLS (10 for EM), and over three repetitions. The ionic strength was 
controlled with a 1 mM NaCl dilution buffer.

average hydrodynamic diameter (Dℎ) and EM of a pure CNC suspension 
were 70.2 nm and -2946 μm⋅cm/Vs (corresponding to a 𝜁 -potential of 
-42.5 mV, using the Smoluchowski equation and assuming the particles 
to be spheres), respectively, in line with literature reports for commer-

cial CNCs produced by acid hydrolysis [22]. Up to R𝑃𝐶=1, the addition 
of PEGDA did not affect significantly the Dℎ , whereas a modest increase 
in EM was detected. Further amounts of polymer caused instead a steep 
increase in the Dℎ (102.9 nm) and an increase in EM to -2121 μm⋅cm/Vs 
(𝜁 -potential = -30.0 mV). The corresponding variations in EM with 
PEGDA were likely affected by the increase in Dℎ, rather than a sig-

nificant electrical double-layer screening by a low-molecular weight, 
neutral polymer such as PEGDA (0.7 kDa) [33]. Considering the radius 
of gyration of PEGDA (ca. 1 nm), it’s likely that its adsorption on the sur-

face of CNCs, up to R𝑃𝐶=1, did not impact on their Dℎ. Larger amounts 
of PEGDA (R𝑃𝐶>1), on the other hand, resulted in a larger surface cov-

erage of the CNCs, increasing their apparent diameter. By considering 
the behaviour observed in the QCM-D experiments (Supporting Infor-

mation Figure S3), it is also possible that PEGDA caused bridging and 
aggregation of CNCs, which would also explain the larger Dℎ . Polymer-

induced depletion might also be occurring. Nevertheless, all samples 
maintained sufficiently high 𝜁 -potential values to ensure the colloidal 
stability of nanoparticles; while it was not evaluated at this point, the 
presence of a polymer layer could also contribute to a steric stabilization 
of the CNCs.

To confirm the nature of this interaction, additional analyses were 
carried out on concentrated suspensions (8% wt. CNC) with FT-IR (Sup-

porting Information Figure S4). The higher concentration in these sam-

ples was necessary to ensure a sufficient signal-to-noise ratio. The po-

sition of the carbonyl and acrylate stretching bands of PEGDA was 
not affected when mixed with CNCs, excluding the occurrence of hy-

drogen bonding with the cellulose surface. Similar results were also 
reported by Andrew and coworkers for CNC suspensions with PEG or 
polyvinylpyrrolidone (PVP), a neutral polymer containing a carbonyl 
moiety in its backbone [34].

In summary, PEGDA was found to interact and adsorb on the surface 
of CNCs, as demonstrated by combined ITC, QCM-D and DLS experi-

ments. The driving force for the adsorption was attributed to the release 
of bound solvent molecules from the cellulose surface and the polymer, 
in line with previous reports for neutral polymers [35,17].

3.2. Liquid crystalline behaviour of CNCs with PEGDA

The impact of PEGDA on the self-assembly of CNCs was then inves-

tigated. The nanoscale properties of the suspensions were characterized 
by SAXS (Fig. 3). The 2D SAXS patterns were isotropic, indicating no 
preferential orientation of the CNC domains with respect to the incident 
X-Ray beam (Supporting Information Figure S5). All samples displayed 
a first-order peak around q*=0.2 nm−1, corresponding to the repeat-
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Fig. 3. a) Azimuthally-averaged 1D scattering intensities, obtained by small-angle X-Ray scattering (SAXS) on CNC suspensions (8% wt., 10 mM NaCl) with increasing 
amounts of PEGDA (0-20% wt.) after 14 days of rest. Pure PEGDA is also included for reference. b) Interparticle distance between CNCs, calculated from the Kratky 
plot of the 1D scattering intensities (circles), Porod exponent as a function of added PEGDA (diamonds). The values of d𝐶𝑁𝐶 and Porod exponent were averaged over 
4 points in the capillary.

ing distance between CNCs [36]. Analysis of the related Kratky plots 
(Supporting Information Figure S6) revealed the presence of a second-

order peak for samples R𝑃𝐶=0-1.5, which suggests that CNCs exhibited 
a higher-order particle organisation.

The addition of PEGDA had two main effects on the SAXS pat-

terns. First, a shift in the position of q*, resulting in a decrease of the 
d𝐶𝑁𝐶 from 28.0 nm for the pure 8% wt. CNC suspension to 22.8 nm 
at R𝑃𝐶=1.5 (Fig. 3b). Further amounts of PEGDA caused a modest in-

crease in d𝐶𝑁𝐶 , stabilizing at 24.9 nm for R𝑃𝐶=2.5. Second, the slope 
of the Porod region (around q = 1 nm−1) decreased in magnitude from 
-4 to -2.5 as R𝑃𝐶 increased from 0 to 1.5, remaining approximately con-

stant at this value up to R𝑃𝐶=2.5. This change in the Porod exponent 
could potentially result from the linear combination of the scattering of 
PEGDA (red dotted line in Fig. 3a) and the CNCs. However, if this were 
the case, the observed trend in Fig. 3b would be expected to increase 
monotonically with the amount of added polymer. Instead, the trend 
plateaued at R𝑃𝐶=1.5. This suggests that the variation in the Porod ex-

ponent is associated with a transition from smooth to rough interface 
scattering, which may indicate adsorption of PEGDA onto CNCs. An im-

portant point is that, as the scattered intensity I(q) is the multiplication 
of the form and structure factors (P(q) and S(q), respectively), the trend 
observed for d𝐶𝑁𝐶 in Fig. 3b should be considered qualitatively, as it 
cannot be determined with absolute precision.

The colloidal stability of CNCs, which is reflected in their interpar-

ticle distance, is mainly attributed to the electrostatic stabilization of 
CNCs endowed by charged groups on their surface. However, adsorbed 
or grafted polymers can also play a role through steric stabilization 
[37,33,38,39]. As the concentration of CNCs and ionic strength were 
fixed (10 mM NaCl), the trend observed for d𝐶𝑁𝐶 was likely driven by 
the presence of PEGDA molecules.

The behaviour observed for PEGDA used in this work is in contrast 
with other cases of neutral polymer additives with CNCs. In the work of 
Sun and colleagues, the presence of PEG (20 and 200 kDa) at a R𝑃𝐶

close to 1 (3.5% CNC and 4% PEG wt.) caused a broadening of the 
interparticle distance peak, and the disappearance of second-order re-

flections, without however shifting its position [40]. PEG polymers of 
larger molecular weight (900 kDa, 1.7% wt.), on the other hand, were 
seen to reduce the d𝐶𝑁𝐶 (from 48.7 to 44.0 nm) of a 4% wt. CNC 
suspension [41]. These variations were attributed to an increasing de-

pletion phenomenon, which positively correlated with the molecular 
weight of the added PEG. In the case of xyloglucan (20 kDa) added to 
CNCs, Voisin and co-workers reported no significant variation of d𝐶𝑁𝐶

for R𝑃𝐶 between 0 and 0.5; nevertheless, at the highest XG concentra-

tion (R𝑃𝐶=0.5) a slight reduction of d𝐶𝑁𝐶 could be seen, as well as the 
loss of the second-order reflection [39].

Based on current results and previous works, PEGDA molecules are 
likely adsorbing on the surface of CNCs, and inducing simultaneously a 
reduction of d𝐶𝑁𝐶 already at R𝑃𝐶=0.5, owing to their smaller molecu-

lar weight and gyration radius (ca. 1 nm), compared to larger polymers. 
The decrease in d𝐶𝑁𝐶 may be related to the blurring of the chiral fea-

tures of the CNCs by the polymer; larger amounts of PEGDA, on the other 
hand, effectively induced some degree of steric stabilization, consider-

ing the increase in d𝐶𝑁𝐶 for R𝑃𝐶=2-2.5. While the amount of PEGDA 
in the suspensions reached a significant mass fraction (up to 20% and a 
R𝑃𝐶=2.5), it is not clear whether a depletion interaction is also occur-

ring in the system. In fact, previous works showed that PEG molecules 
of 1 kDa did not trigger such a phenomenon in the case of a lipid bilayer 
system [42].

The self-assembly of CNCs in presence of PEGDA was then investi-

gated at the microscale using PLM (Fig. 4). 
All samples contained brightly coloured and dark regions. The detection 
of cholesteric phases by PLM depends on the orientation of the helicoidal 
axis relative to the observation direction. When the helicoidal axis is 
nearly parallel to the observation direction, the birefringence is aver-

aged over the continuous turn of the helix, resulting in poor contrast. 
Conversely, when the helicoidal axis is perpendicular to the observa-

tion direction, the birefringence is extinguished, yielding high contrast 
and allowing the visualization of the fingerprint pattern [43]. Samples 
R𝑃𝐶=0-1.5 featured filamentous structures, similar to the ones pub-

lished by Azzam and coworkers for CNCs grafted with polyetheramine 
[44]. Samples with larger amounts of PEGDA (R𝑃𝐶=2-2.5) instead ap-

peared as a continuous birefringent region. Higher magnification of 
the birefringent domains (insets of Fig. 4) revealed the characteristic 
fingerprint pattern of the cholesteric phases. Hence, in the range of con-

centrations explored in this work, the presence of PEGDA did not trigger 
depletion phenomena, nor hamper the formation of CNC cholesteric 
structures. 

Additional insights into the behaviour of CNC/PEGDA suspensions 
were inferred by measuring the anisotropic volume fraction (𝜙𝑎𝑛𝑖), and 
by SALS experiments on the quartz capillaries (Fig. 5). The initial CNC 
suspension (8% wt., R𝑃𝐶=0) was found in a biphasic state with 𝜙𝑎𝑛𝑖≈
0.8, consistent with literature reports [22]. The addition of PEGDA to 
the CNC suspension first caused a decrease in 𝜙𝑎𝑛𝑖 for R𝑃𝐶 =0.5-1, 
returning to 0.8 at R𝑃𝐶=1.5. Larger amounts of polymer increased 
𝜙𝑎𝑛𝑖, reaching a full anisotropic state at R𝑃𝐶=2.5. The phase behaviour 
of CNC/PEGDA mixtures contrasts the one reported for non-adsorbing 
polymers, such as high-molecular weight dextran (2000 kDa) and PEG 
(200 kDa). In both cases, progressive additions of polymer did not af-

fect 𝜙𝑎𝑛𝑖 in biphasic CNC suspension at fixed particle concentration. The 
presence of dextran, however, changed the repartition of CNCs between 
the isotropic and anisotropic phase (from 9.94% wt. to 9.03% wt. in the 
isotropic phase at 1.2 μmol L−1 dextran concentration), due to the exclu-

sion between nanorods and polymer coils (R𝑔=34 nm) [45]. In the case 
of PEG 200 kDa, a nematic phase was observed instead of a cholesteric 
structure, owing to depletion forces overcoming electrostatic stabiliza-

tion and thus restricting the movement of CNCs [40].
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Fig. 4. Polarized light microscopy (PLM) images of aqueous CNC suspensions (8% wt., 10 mM NaCl) with increasing amounts of PEGDA (0-20% wt.), sealed in 
microscope slides for 7 days. The scale bar of the main images is 100 μm, whereas in the insets is 10 μm.

Fig. 5. a) Kratky plots obtained from small-angle light scattering (SALS) experiments on quartz cuvettes (inset), showing the presence of a peak (q** corresponding 
to P/2). b) Mean cholesteric pitch (P), averaged over 5 points in the quartz cuvette, and anisotropic volume fraction (𝜙𝑎𝑛𝑖) as a function of R𝑃𝐶 .

Concerning the SALS measurements, all samples displayed a circular 
diffraction pattern between q=0.002 and q=0.004 nm−1, representing 
the cholesteric half-pitch repeating distance (P/2) (Supporting Informa-

tion Figure S7). The trend of the cholesteric pitch was specular to the 
variation in 𝜙𝑎𝑛𝑖, increasing from 5.4 to 5.9 μm at R𝑃𝐶=0.5, followed 
by a continuous decrease to 3.2 μm at R𝑃𝐶=2.5, in agreement with 
the values obtained by PLM (Supporting Information Figure S8). In fact, 
Zhang and co-workers reported a gradual increase in P when adding 
PEGDA 0.7 kDa to a CNC suspension between R𝑃𝐶=0 and 0.5 [46], 
confirming and complementing the trend observed in Fig. 5b. 
The behaviour of the PEGDA/CNC suspensions at R𝑃𝐶>0.5 shared 
some similarities with suspensions of polymer-grafted CNCs. Araki et 
al. (2001) reported that PEG-grafted (1 kDa) CNCs displayed shorter 
pitch distances compared to the carboxylated counterpart (4.0 vs 7.0 
μm), attributed to the reduced surface charge following the grafting re-

action [37]. Azzam and co-workers studied in detail the behaviour of 
aqueous suspensions of CNCs grafted with polyetheramines (0.6–2 kDa) 
[44]. Similarly to Araki et al. (2001), polymer-grafted CNCs displayed 
shorter pitch values compared to sulfated CNCs between 3.5 and 5.2% 
vol., and a higher 𝜙𝑎𝑛𝑖 at all CNC volume fractions. Here, the authors 
concluded that the grafted polymer chains enhanced the transmission of 
chirality from the CNC core [44]. In a following publication, the confor-

mation of the grafted polyetheramines was deduced from small-angle 

neutron scattering experiments, revealing that the polymers assumed a 
Gaussian coil structure on the surface of the CNCs [47]. While infor-

mation about the conformation of PEGDA on CNCs is not available at 
this stage, it can be assumed that the progressive adsorption of polymer 
chains produced nanorods with bulkier morphologies than bare CNCs, 
resulting in higher particle volume fractions.

The observed trends at the nano, micro and macro scale (d𝐶𝑁𝐶 , 
P and 𝜙𝑎𝑛𝑖, respectively) of the CNC/PEGDA suspensions can be re-

lated and expressed with the twist angle between the CNCs, 𝜃𝐶𝑁𝐶 [36] 
(Eq. (3)):

𝜃𝐶𝑁𝐶 = (360 ⋅ 𝑑𝐶𝑁𝐶 )∕P (3)

Furthermore, the cholesteric pitch can also be expressed in its recipro-

cal form as the cholesteric wavevector (here 𝛾 to avoid ambiguity with 
q), which is related to the helical twisting power (HTP) and the concen-

tration of chiral dopant c [48,49] (Eq. (4))

𝛾 = 2𝜋∕𝑃 =𝐻𝑇𝑃 ⋅ 𝑐 (4)

For CNCs, the presence of twisted nanocrystal bundles has been pro-

posed in the role of the dopant [49]. As in samples R𝑃𝐶=0-2.5 the 
amount of CNCs was fixed, c can be considered constant. Combining 
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Fig. 6. Estimated relative dielectric permittivity as a function of added PEGDA 
(𝜖𝑟, stars), calculated from the reference value for PEG 0.6 kDa from [50]. 
Interparticle distance between CNCs (d𝐶𝑁𝐶 , circles) and cholesteric pitch 
(P, diamonds) of CNCs suspensions (8% wt.) with increasing amounts of 
PEGDA (0-20% wt.), obtained from SAXS and SALS measurements, respectively. 
Anisotropic volume fraction (𝜙𝑎𝑛𝑖, hexagons) and twist angle between CNCs 
(𝜃𝐶𝑁𝐶 , squares), measured from polarized images of the quartz cuvettes and 
calculated according to Eq. (3), respectively.

Eq. (3) and Eq. (4) shows that the twist angle is proportional to the in-

terparticle distance and the HTP (Eq. (5))

𝜃𝐶𝑁𝐶 ∝ 𝑑𝐶𝑁𝐶 ⋅𝐻𝑇𝑃 (5)

The relation between HTP and 𝜃𝐶𝑁𝐶 against 𝜙𝑎𝑛𝑖 was also explored 
(Supporting Information Figure S9). Both parameters displayed a lin-

ear correlation with 𝜙𝑎𝑛𝑖; however, 𝜃𝐶𝑁𝐶 correlated slightly better than 
HTP, suggesting that incorporating d𝐶𝑁𝐶 (the interparticle distance) im-

proved the description of the phenomena occurring in the CNC/PEGDA 
mixtures. Therefore, the trend observed for the distance between par-

ticles by SAXS (Fig. 3b), though initially considered qualitative due to 
the multiplication between P(q) and S(q), was corroborated by system-

atic variations in 𝜃𝐶𝑁𝐶 and 𝜙𝑎𝑛𝑖 at higher concentrations of PEGDA. A 
plot of 𝜙𝑎𝑛𝑖 and 𝜃𝐶𝑁𝐶 as a function of R𝑃𝐶 is presented in Fig. 6. 

The variations in 𝜃𝐶𝑁𝐶 can be used to interpret the changes in the 
CNC suspension as more PEGDA was added to the mixture. As a re-

minder, the twist angle between neighbouring CNCs is the result of 
multiple contributions, both enthalpic and entropic in origin. The elec-

trostatic potential is minimized at perpendicular orientations, while van 
der Waals forces promote the parallel arrangement of CNCs [51–53]. In 
turn, the system lowers its energy when the rods are packed in a way 
that maximizes their mobility and the resulting free volume [54,36]. 
Furthermore, the shape of the particles also affects their packing [55].

At R𝑃𝐶=0.5, the decrease in 𝜃𝐶𝑁𝐶 could be attributed to the ad-

sorption of PEGDA on the surface of CNCs, which blurred the chirality 
of the nanoparticles and therefore resulted in a lower HTP (larger P). In 
fact, as PEGDA did not cause significant changes in the EM (Fig. 2), this 
variation likely lied in the morphology of the CNCs, and in the associ-

ated change in the packing entropy. Between R𝑃𝐶=1 and 1.5, the layer 
of adsorbed PEGDA molecules became denser, turning the initial weak-

ening into a stronger chiral transmission, ascribed to a simultaneous 
change in particle morphology and higher volume fraction, with 𝜃𝐶𝑁𝐶

increasing back to 1.9°. At R𝑃𝐶>1.5, the saturation of CNCs’ surface 
by PEGDA chains was likely reached (cfr. Porod exponent in Fig. 3b); 

Fig. 7. Results from the multi-scale investigation of CNC and PEGDA suspen-

sions, as a function of CNC and PEGDA concentrations. a) Interparticle distance 
(d𝐶𝑁𝐶 ) calculated from the first-order peak of the azimuthally-averaged SAXS 
patterns b) cholesteric pitch (P) measured from azimuthally-averaged SALS pat-

terns c) anisotropic volume fraction (𝜙𝑎𝑛𝑖), measured using polarized photogra-

phy of the samples in quartz cuvettes and d) CNC twist angle (𝜃𝐶𝑁𝐶 ) calculated 
from the d𝐶𝑁𝐶 and P values. The samples are grouped according to the quantity 
of PEGDA present in the suspension: 0% (CXP0, circles), 10% (CXP10, squares), 
20% (CXP20, rhombi), 30% (CXP30, crosses), 40% (CXP40, hexagons) and 50% 
(CXP50, stars).

however, 𝜃𝐶𝑁𝐶 kept increasing due to the variation in the dielectric 
constant of the medium becoming predominant with added polymer. In 
fact, 𝜖𝑟 decreased from 78.4 to 65.6 for 20% wt. PEGDA (Fig. 6, stars). 
This variation was also reflected in d𝐶𝑁𝐶 , increasing again due to the 
stronger electrostatic interaction related to the change in the properties 
of the medium. Notably, the sharp change in 𝜃𝐶𝑁𝐶 (from 1.9 to 3.3°) at 
R𝑃𝐶>1.5, supports this hypothesis, suggesting that the added PEGDA 
may be present in the suspension medium between CNCs, rather than 
being adsorbed on the surface of the nanoparticles.

The multi-scale approach used above was extended to a larger range 
of CNC and PEGDA concentrations, aiming to verify the trends observed 
for the suspensions at 8% wt. CNC concentration. The results are shown 
in Fig. 7. 

The values of d𝐶𝑁𝐶 for a fixed PEGDA quantity decreased following 
a power law of 𝐶−0.54, close to the -1/2 exponent previously reported in 
the literature [56]. Notably, CXP10 samples displayed a shorter interpar-

ticle distance between 5 and 7% wt. compared to the native suspension 
(CXP0) and to CXP20-CXP50 samples. The trend observed in Fig. 3b was 
confirmed; interestingly, the changes in d𝐶𝑁𝐶 became less pronounced 
above 20% wt. PEGDA for the same CNC concentration. The variations 
in P (Fig. 7b) exhibited the same behaviour as the one in Fig. 5b: an 
expansion of the cholesteric pitch for CXP10 samples, followed by a 
compression with PEGDA amounts above 20% wt. (CXP20-CXP50). The 
anisotropic phase volume fraction (Fig. 7c) showed the typical sigmoidal 
behaviour reported for CNC suspensions [4] as a function of concentra-

tion. When PEGDA was added (CXP10), the curve shifted to higher CNC 
concentration, indicating a delay in the onset of the fully anisotropic 
phase. In contrast, samples with higher PEGDA content (CXP20-CXP50) 
exhibited a progressively narrower biphasic region, with the transition 
to a fully anisotropic phase occurring at lower CNC concentrations (see 
also Supporting Information Figure S10).
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Fig. 8. Flow curves of CNC suspensions (8% wt.) with increasing amounts of 
PEGDA (0-20% wt.) and fixed ionic strength (10 mM NaCl), after 7 days of rest. 
The viscosity was measured starting from 0.01 s−1 to 1000 s−1. The error bars 
represent the standard deviation of three measurements.

Finally, the values of 𝜃𝐶𝑁𝐶 (Fig. 7d) generally increased with CNC 
concentration within the same CXPY series, as already reported by 
Schütz and colleagues [36]. In line with previous observations, the 
CXP10 samples displayed lower 𝜃𝐶𝑁𝐶 values between 3 and 8% wt. 
compared to the other samples. In general, these results are consistent 
with the trend observed in Fig. 6 for the 8% wt. CNC samples, highlight-

ing the presence of two main regimes based on the amount of PEGDA.

This behaviour resembles the one described by Attia et al. (2020), 
where the authors explored the phase diagram of CNCs in concentrated 
ethylene glycol (EG) / water mixtures [57]. The difference in the mag-

nitude of variation for 𝜃𝐶𝑁𝐶 and P for samples CXP20-CXP50 was at-

tributed to the permanence of a nanometre-sized water layer around 
the CNCs [58]. As such, the effect arising from the decrease in dielectric 
constant levelled off for interparticle interactions at higher amounts of 
polymer, while the cholesteric structures were more affected by the bulk 
properties of the solvent, owing to their larger (micrometre) dimensions. 
Similarly, the critical concentration for the biphasic and anisotropic 
transitions (C𝑖 and C𝑎) were predicted to occur at lower CNC amounts 
with lower dielectric permittivities [53]. The calculated 𝜖𝑟 values for 
the CXP0-CXP50 samples are available in the Supporting Information 
(Table S1).

Despite the presence of other factors, such as the possibility of de-

pletion interactions occurring at large amounts of PEGDA (30-50% wt., 
above the polymer overlap concentration [42]), and the variation in the 
ionic strength (0.22-1 mM NaCl, see Supporting Information Table S2) 
for this set of samples, the results presented in Fig. 7 aligned with this 
hypothesis.

3.3. Rheo-optical characterization of CNC/PEGDA suspensions

To complete the characterization of the system, the flow properties of 
the CNC/PEGDA suspensions were determined using rheometry (Fig. 8). 
All samples displayed the characteristic three-region viscosity profile, 
typically observed for aqueous suspensions of CNCs [59]. In the first 
region (0.01 and 1 s−1), the viscosity decreased with increasing shear 
rate, corresponding to the orientation of cholesteric domains along the 
flow direction. This shear-thinning behaviour was followed by a nearly 
Newtonian plateau (1-100 s−1) where the size of the cholesteric domains 
was progressively reduced. The third shear-thinning region (100 to 1000 
s−1) represents the disruption of the cholesteric structure in favour of 
a nematic alignment [24,23]. The rheological measurements thus con-

firmed the presence of cholesteric structures for all PEGDA amounts. 
Interestingly, the viscosity difference between R𝑃𝐶=0-0.5 samples was 
almost negligible. However, larger amounts of PEGDA significantly in-

creased the viscosity between samples R𝑃𝐶=1 to 2.5 by almost one 
order of magnitude. This could result from an interplay between the 
weakening of the chiral interactions in the cholesteric structure, and the 
intrinsic higher viscosity of pure PEGDA (ca. 100 mPa⋅s) at R𝑃𝐶=0.5.

In the third shear-thinning region (100-1000 s−1), viscosity differ-

ences between the samples became smaller. This could result from the 
disruption of cholesteric domains into nematic phases [24], where the 
difference in HTP between samples was negligible.

The rheological analysis focused then on the dynamics of cholesteric 
structure recovery, using a rheo-optical setup. This enabled the simul-

taneous observation of the rheological parameters and microstructure 
after applying high shear. The results are shown in Fig. 9 and Fig. 10. 

Recovery experiments revealed that samples with R𝑃𝐶=0-2 exhib-

ited a liquid-like behaviour (G” > G’), whereas sample R𝑃𝐶=2.5 ex-

hibited a gel-like behaviour (G’>G”). After applying shear at 1000 s−1 , 
the G’ and G” increased exponentially, however in two distinct phases: 
the first one lasting between 0 and approximately 200 s, and the sec-

ond phase extending from 200 s to the end of the measurement at 3600 
seconds (Fig. 9c and d). Sample R𝑃𝐶=2.5 showed instead a continuous 
increase in G’ throughout the experiment, while G” stabilized around 
200 s and oscillated around ca. 15 Pa. Microscopy observations at 1000 
s−1 (Fig. 10, first row) displayed a bright, striped colouration, due to the 
transient alignment of the CNCs under the shear imposed by the rheome-

ter plates. The CNCs act then as a birefringent plate upon interference 
with visible light [59].

The appearance of sample R𝑃𝐶=0 evolved by changing the inten-

sity of the transmitted colours (see Movie 1 of the Supporting Informa-

tion), eventually displaying the fingerprint pattern around 150 seconds 
(Fig. 10). This signalled the isotropic-to-cholesteric transition for the 
CNCs; the fingerprint pattern persisted and compacted over time. Sam-

ples R𝑃𝐶=0.5-2 exhibited a similar behaviour, except for a delay in 
the development of the fingerprint structure compared to R𝑃𝐶=0 (see 
Movie 2 to Movie 5 in the Supporting Information). In contrast, sam-

ple R𝑃𝐶=2.5 did not display a significant change in the microstructure 
throughout the experiment, with the fingerprint not appearing in these 
microscopy observations (Movie 6 from the Supporting Information). 
This observation was consistent with the gel-like nature of the sam-

ple and, compared with the results of SALS and PLM, suggests that the 
higher viscosity delayed the kinetics of cholesteric formation from the 
isotropic state.

For samples R𝑃𝐶=0-2, the pitch could be measured as a function 
of time during the rheological measurements. The complex modulus G* 
and the pitch of these samples are plotted in Fig. 11. The complex mod-

ulus was plotted to capture the variations of both G’ and G”, and was 
compared with the measured pitch for the different samples. Consistent 
with previous data, G* exhibited two distinct recovery regimes. The fin-

gerprint pattern of the cholesteric liquid crystals became detectable at 
the onset of the second phase, in agreement with the behaviour reported 
for anisotropic CNC suspensions [24]. The pitch values consistently de-

creased with time across all samples, showing that the reformation of 
the cholesteric liquid crystals involved the compression of the helicoidal 
planes until a constant value was achieved at the end of the experiment. 
Some interesting trends could be discovered.

Firstly, the appearance of the fingerprint structure and stabilization 
of the pitch size were progressively delayed with increasing amounts of 
PEGDA. For R𝑃𝐶=0, the pitch was first detected around 150 s with an 
approximate value of 12 μm, stabilizing at 8 μm after 300 s. For samples 
R𝑃𝐶=0.5-1, the pitch was also detected around 150 s, stabilizing how-

ever at 400 and 500 s, respectively. Samples R𝑃𝐶=1.5-2 exhibited a 
detectable fingerprint pattern between 200 and 300 s, reaching a stable 
pitch between 800 and 1000 s.

Secondly, the final pitch value largely followed the trend observed 
earlier with PLM and SALS, correlating with the amount of added 
PEGDA, although the values observed in Fig. 11 were larger. This dis-

crepancy suggests that further time was required for the helicoidal struc-

ture to fully tighten to equilibrium. Indeed, SALS measurements carried 
out on samples after 1 and 7 days confirmed this trend (Supporting In-

formation Figure S8).

The delay on the onset of fingerprint structure, and the shorter pitch 
values pointed towards a stronger chiral interaction, at the expense of 
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Fig. 9. a) and b) oscillatory rheometry measurements (G’ and G”, respectively) carried out on 8% wt. CNC suspensions with increasing amounts of PEGDA (0-20% wt.). 
c) and d) are magnifications of the region between 10 and 1000 s, where the restructuring of CNCs into nematic and cholesteric phases occurred. The measurements 
were carried out at 1 Hz oscillation frequency and 1% deformation for 1 hour, after 5 minutes of high shear (1000 s−1).

Fig. 10. Polarized light microscopy (PLM) images taken during the oscillatory 
rheometry experiment of Fig. 9. Scale bar is 50 μm for all samples. The first 
row shows the appearance of samples 15 s after the shear step of 1000 s−1, the 
second one after 150 seconds, and the third one at the end of the experiment 
(3600 seconds) for different CNC/PEGDA ratios (R𝑃𝐶=0, 0.5 and 2.5).

slower transition kinetics to the cholesteric phase. This effect was par-

ticularly pronounced for sample R𝑃𝐶=2.5, where the pitch could be 
detected by SALS at least after 24 h.

4. Conclusions

An extensive physicochemical characterization of CNCs and PEGDA 
suspensions was carried out, using a multi-scale approach. The study re-

vealed that PEGDA molecules adsorbed on the surface of CNCs through 
non-covalent physiadsorption, preserving the colloidal stability of the 
nanoparticles over a wide range of concentrations and CNC-PEGDA mass 
ratios.

For a biphasic CNC suspension at 8% wt., the progressive addition 
of PEGDA caused first a weakening of the colloidal interactions be-

tween the nanoparticles, resulting in a looser cholesteric pitch (P) and 

Fig. 11. a) Complex viscosity measured during the oscillation recovery experi-

ment for CNC suspensions with increasing PEGDA (0-20% wt.). b) Mean pitch 
size for the same samples, calculated through image analysis of 12 PLM images 
each acquired with the rheo-optical setup.

a reduction in the anisotropic volume fraction (𝜙𝑎𝑛𝑖) at R𝑃𝐶=0.5. This 
behaviour was attributed to a blurring of the chiral features of the CNCs 
caused by the adsorption of PEGDA molecules. Above R𝑃𝐶=0.5, further 
polymer adsorption resulted in an enhancement of the helical twisting 
power, likely resulting from a combined variation in the particle mor-

phology and higher effective CNC volume fraction, similar to the one re-

ported for polymer-grafted CNCs [44]: as a consequence, the cholesteric 
pitch was reduced, and the anisotropic volume fraction increased. This 
phenomenon was accompanied by the decrease in dielectric constant of 
the medium due to the added PEGDA, which contributed to stronger 
electrostatic interactions between CNCs at R𝑃𝐶=2-2.5.
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The variations in the properties of the suspension, from the nano 
to the microscale, were effectively captured by the twist angle 𝜃𝐶𝑁𝐶 , 
which was calculated from d𝐶𝑁𝐶 and P, exhibiting a strong correlation 
with 𝜙𝑎𝑛𝑖.

The investigation was complemented by rheo-optical measure-

ments, which provided further insights into the microstructure of the 
CNC/PEGDA suspensions. Larger PEGDA concentrations progressively 
delayed the formation of the cholesteric structure. In particular, in 
R𝑃𝐶=2.5 samples the formation of the fingerprint was observed af-

ter 24 h, in contrast to few minutes for samples with lower amounts 
of polymer. Due to the widespread use of PEGDA as an additive in the 
fabrication of CNC-based composites, the information contained in this 
work are valuable to understand the structure-property relationship of 
the precursor suspensions, the processing and the properties of the final 
products.
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