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Entropy-driven assembly of nematic liquid-crystal phases of cellulose nanocrystals (SCNCs) in agueous
suspensions results in the emergence of a cholesteric liquid crystalline phase (N* phase). We report that
a solvated, non-adsorbing, highly branched natural polysaccharide, Gum Arabic (GA), strongly affects the
assembly of the SCNCs and modifies the phase diagram: GA leads to significant crowding of the SCNC
rods and induces a new liquid—liquid phase transition, where SCNC-rich and GA-rich droplets coexist.
The solvated GA does not induce coagulation or gelation of the suspended SCNCs (at low
concentrations of 1-3 wt% of GA). In the SCNC-rich droplets, finite-sized nematic nano-islands
assemble and further evolve into cholesteric tactoids and nucleate the formation of the N* phase at
significantly lower concentration (about 1.5 wt%) than in GA-free suspensions. We observe that the inter-

particle distance and the chiral pitch of the N* phase are determined by the concentration of GA (for
Received 26th November 2024

Accepted 21st January 2025 a given SCNC concentration). The resulting mesophases are characterized via transmission electron

microscopy at cryogenic temperatures (cryo-TEM), small-angle X-ray scattering (SAXS), and polarized
optical microscopy (POM). Our findings indicate that GA can be used to tune the phase diagram and
optical properties of SCNC suspensions, and overcome kinetic barriers that lead to gelation or kinetic arrest.
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1. Introduction

Highly anisotropic colloidal rods are known to self-assemble
from suspensions into (lyotropic) liquid crystalline (LC) pha-
ses due to the interplay between different entropic
contributions.”® In these systems, non-isotropic excluded
volume interactions among the rods drive their co-alignment
and the formation of nematic LC phases above a threshold
concentration.**®

An important example of self-assembling colloidal rods, with
a typical aspect ratio of 10-15, is that of sulfuric-acid hydrolyzed
cellulose nanocrystals (SCNCs).”® SCNCs are highly crystalline
cylindrical nanorods obtained via acid hydrolysis of cellulose-
rich sources, such as wood or cotton pulp.” SCNCs form elec-
trostatically stabilized aqueous suspensions due to the sulfate
half-ester groups at their surface.” In water, above a threshold
concentration C,,, the suspensions undergo a first-order liquid-
liquid phase transition to a chiral nematic (cholesteric, N*)
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mesophase that coexists with an isotropic phase (I)."*** C.,
typically between 3-4 wt%, depends on the dimensions of the
SCNCs and their surface charge.™

The cholesteric phase is nucleated by micron-sized nematic
droplets (tactoids) that are formed within the isotropic phase.
As was observed experimentally, and rationalized theoretically,
tactoids only form above a minimal volume of around V = 8 + 6
x 10° um?.#'*** The shape (spherical, ellipsoidal, or spindle-
shaped), degree of anisotropy, range of orientational ordering,
structure, onset of chirality, and the assembly of tactoids into
the cholesteric (N*) phase have been thoroughly
investigated.""” Fewer studies characterized nanometric
assemblies of SCNCs in the isotropic regime, and their role in
the evolution of the N* phase.***>**

As mentioned above, SCNC self-assembly is driven by
repulsive excluded volume (entropic) interactions. Thus, it is
expected that (attractive) depletion interactions, such as those
induced by non-adsorbing polymers that lead to particle
crowding, would modify the chemical potential of the
combined system and the balance of the different entropic
interactions.' SCNC crowding could destabilize the suspen-
sions and induce flocculation, modify the (equilibrium) inter-
particle distance, reduce the nucleation barrier for the assembly
of tactoids,'** and modify their structure.

A few attempts to utilize non-adsorbing linear polymers for
inducing depletion interactions in SCNC suspensions were re-
ported.”** Using high molecular weight and relatively high
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concentrations of linear polymers, required for a significant
depletion effect, the studies mainly observed polymer-induced
gelation and kinetic arrest (see Section 1 of the ESI{ for
a summary of the findings).*?* Recently, it was suggested that
branched polymers should be significantly more effective
depletants and would induce colloidal crowding already at
relatively low polymer concentrations.*

Gum Arabic (GA) is a highly branched natural polysaccharide
used since the days of antiquity to stabilize nanoparticles and
colloids in aqueous media.”” It has been used by the ancient
Egyptians as a dispersing agent for carbonaceous particles,
adhesive and embalming fluids.”® Nowadays, this hydrocolloid
is highly used in food, pharmaceuticals, cosmetics, textile,
paper, ink, adhesive, paint and printing.*® GA is known to
exhibit Newtonian (non-viscoelastic) dynamic behavior up to
high concentrations (above 10 wt%) probably due to its hyper-
branched structure.*® The polysaccharide comprises a mixture
of molar masses ranging from 5 kg mol™" to 1000 kg mol " with
a mean molar mass around 500 kg mol '. The three main
fractions comprise a hyperbranched arabinogalactan-rich
polysaccharide fraction (88%), a polysaccharide-protein
conjugates (AGP, 10%), and a fraction of glycoproteins (GP,
2%).* In the dilute regime investigated here, at pH above its pK,
(about 2.4),> GA forms (negatively) charged molecular assem-
blies with typical dimensions of 2-7 nm.*

In the study presented here, we describe the effect of low
concentrations of GA (up to about 3 wt%) on the assembly of
SCNCs in dilute suspensions (1-3 wt% SCNCs, Csene < C.,)-** GA
does not adsorb onto SCNCs (see paragraph 2.3 of the ESIt) and
is expected to exhibit significant depletion interactions already at
low concentrations, due to its branched structure. Visual
inspection shows that the threshold concentration for the
emergence of the I-N* transition is reduced in GA solutions. In
addition, the volume fraction of the N* phase, for a given SCNC
concentration, is increased as compared to GA-free suspensions.

Using transmission electron microscopy at cryogenic
temperatures (Cryo-TEM) and Small Angle X-ray scattering
(SAXS), we also observe that GA induces significant crowding of
SCNCs, followed by liquid-liquid phase separation into coex-
isting SCNC-rich and GA-rich droplets. In the SCNC-rich drop-
lets, nematic nano-islands of SCNCs?** are observed to form pre-
tactoid assemblies that are not observed in GA-free suspen-
sions. The nematic assemblies grow into micron-sized tactoids
and further into a macroscopic cholesteric SCNC phase as the
concentration of GA is increased (N* is already observed in
1.5 wt% SCNC suspensions that contain 3 wt% GA). Polarized
optical microscopy (POM) is used to characterize the chiral
pitch in tactoids and SCNC mesophases. Below we describe the
observations in detail and discuss their molecular and colloidal
origins.

2. Experimental
2.1. Materials

Cellulose nanocrystal (SCNC) suspension (10 wt%, Na' coun-
terion, pH ~7) was purchased from Cellulose Lab Canada (CAS#
9004-34-6, https://www.celluloselab.com/). The SCNC typical
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dimensions, as reported by the manufacturer, are 5-20 nm
wide and 140-200 nm long. SCNC suspensions form
electrostatically stabilized suspensions in water. The negative
charges are attributed to the half-sulphate ester groups on
their surface (pK, ~1.99).

Gum Arabic (GA) powder was purchased from Sigma-Aldrich,
Rehovot, Israel (CAS# 9000-01-5, https://www.sigmaaldrich.com/
IL/en/product/sigma/g9752). GA molecules are negatively
charged at pH = 7 (pK, ~2.2) due to the ionization of the
carboxylic groups.*

2.2. Preparation methods

2.2.1. Preparation of solutions. Concentrated solutions of
GA were prepared by dissolving the powder in water at room
temperature. The solutions were mixed for 2 hours using
a magnetic stirrer and diluted to the final concentration.

2.2.2. Preparation of suspensions. As-received SCNC
aqueous slurry (10 wt% suspension in water) was diluted to
a desired concentration using Millipore water (18 MQ cm).
Then, the suspension was tip-sonicated (Ultrasonic processor
model VCX-130, Sonics & Materials Inc.) at 30% amplitude
(130 W, 20 kHz) for 4 minutes. All suspensions were cooled
during sonication to prevent the hydrolysis of the sulfate groups
at the SCNC surface due to overheating.*®

2.2.3. Preparation of GA-SCNC mixtures. GA powder was
weighed and dissolved in sonicated SCNC suspensions to get
the desired concentration combination.

2.3. Characterization

2.3.1. Small-angle X-ray scattering (SAXS). Measurements
were carried out using SAXSLAB GANESHA 300-XL CuKo. radia-
tion generated by a Genix 3D Cu-source with an integrated
monochromator, 3-pinhole collimation, and a two-dimensional
Pilatus 300 K detector. Scattering intensity I(q) was recorded in
the range of 0.007 < g < 0.25 A™*. The scattering vector g = (47t/A)-
sind, 26 is the scattering angle and 1 the wavelength. The
measurements were performed under vacuum at ambient
temperature (22-23 °C). The specimens were sealed in thin-
walled quartz capillaries about 1.5 mm in diameter and
0.01 mm wall thickness; the scattering curves were corrected for
counting time and background absorption. The 2D SAXS
patterns were azimuthally averaged to produce one-dimensional
intensity profiles, I vs. g, using the two-dimensional data reduc-
tion program SAXSGUI. The scattering spectra of the solvent were
subtracted from the corresponding solution data using the Irena
package in Igor Pro 9 from WaveMetrics (Portland, Oregon).*®

2.3.2. Cryogenic transmission electron microscopy (Cryo-
TEM). The samples were prepared by applying a 3 uL drop to
a TEM grid (300 mesh Cu Lacey substrate, Ted Pella, Ltd.,
Redding, CA, USA) following a short pre-treatment of the grid
via glow discharge. The excess liquid was blotted, and the
specimen was vitrified by rapid plunging into liquid ethane
precooled by liquid nitrogen using a vitrification robot system
(Vitrobot Mark IV, FEI). The rapid cooling results in a physical
fixation of the liquid state, so as to preserve the native assem-
blies, and prevents the formation of either cubic- or hexagonal

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://www.celluloselab.com/
https://www.sigmaaldrich.com/IL/en/product/sigma/g9752
https://www.sigmaaldrich.com/IL/en/product/sigma/g9752
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00981a

Open Access Article. Published on 22 January 2025. Downloaded on 1/19/2026 3:10:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

ice. The vitrified samples were examined at —179 °C using an
FEI Tecnai 12 G2 TWIN TEM operated at 120 kV and equipped
with a Gatan model 626 cold stage. The images were recorded by
a 4 K x 4 K FEI Eagle CCD camera in low-dose mode. TIA
(Tecnai Imaging & Analysis) software was used to record the
images.

2.3.3. Polarized optical microscopy (POM). POM images of
SCNC suspensions were taken using an Olympus BX53-F2
microscope equipped with a high-resolution Olympus DP74
camera. Images were taken using polarizers in a perpendicular
arrangement and analyzed using Image].

3. Results

In the study presented here, we investigated the effect of GA (1-
3 wt%) on the organization of SCNCs in dilute suspensions (below
C., ~ 3.5 wt%). SAXS, cryo-TEM imaging, and POM were used to
characterize the mesophases formed by SCNCs in GA solutions.

3.1. SCNC suspensions in water

The macroscopic phase diagram of SCNCs in GA-free suspen-
sions is presented in Fig. S2 of the ESL{ In this system, the
onset of the isotropic—cholesteric (I-N*) biphasic regime is
C;, ~ 3.5 wt% . POM images of the lower (N*) phase present the
typical fingerprint pattern with a concentration-dependent
helical Pitch (Fig. S2C of the ESIf). As reported before,> SAXS
analysis (Fig. S3 and Table S2 of the ESIf) indicates that the
inter-particle distance, d,, scales with the concentration of the
SCNCs, with a power law dependence of d, ~ C°3% at SCNC
concentrations < C,, and d, ~ C">*® at C>C,.

Typical cryo-TEM images show long-range nematic order in
the N* phase and a random orientation of rods in the isotropic
phase (Fig. 1A and B, respectively). Low-magnification images of
these suspensions are presented in Fig. S4 of the ESIL T indi-
cating that this is characteristic of the whole sample.

3.2. Suspensions of SCNCs in GA solutions

The SAXS curves of GA solutions (Fig. S1t) are consistent with
indicating that the

previous measurements,* solutions
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comprise negatively charged aggregates with inter-aggregate
distance d, that decreases with GA concentration (Fig. S1B of
the ESIf) as d, ~ ¢ %%, as expected for a dilute solution of
a charged hydrocolloid.*

Isothermal Titration Calorimetry (ITC) and zeta potential
measurements (see Section 2.3 and Fig. S5 of the ESI{) indicate
that the negatively charged GA does not adsorb onto the SCNCs.

While GA-free suspensions of SCNCs are fully isotropic at
these concentrations (Fig. S2 of the ESIt), a birefringent phase
of SCNCs emerges in GA solutions at SCNC concentrations
<2 wt% (Fig. 2). For example, in solutions of 2 wt% GA, a bire-
fringent phase is observed already at a SCNC concentration of
1.6 wt% (Fig. 2E). Clearly, the presence of GA reduces the
threshold concentration (Cyoyes) for the emergence of the LC
phase (Fig. 2F).

Cryo-TEM images of SCNC suspensions (1-2 wt%) in GA
solutions are presented in Fig. 3). In these images, the SCNCs
appear as rod-like structures, while GA (with a typical diameter of
about 2-4 nm) as dark spots. In the GA-free suspensions (Fig. 3A
and C), SCNCs are randomly oriented with a typical interparticle
distance, d,, of about 60 & 19 nm for 1 wt% SCNCs. The density
of the rods is uniform, and neither aggregation nor vacancies are
observed. A different organization is observed in GA solutions,
for example Fig. 3B and D. Here, crowding of SCNCs into
nanometric islands of co-aligned rods with a typical interparticle
distance that depends on the concentration of GA is observed
(Table S2 of the ESIt). The SCNCs form islands of co-aligned rods
and the background (areas between the islands) is full of dark
dots, which is the GA (seen more clearly in the higher magnifi-
cation Fig. 3E, and in stained samples (Fig. S9 of the ESIT).

Thus, the presence of GA affects the self-assembly pattern of
the SCNCs causing them to co-align close to each other in
islands, and leaving vacancies depleted from SCNCs (but rich
with GA) in between the islands. The GA-rich and SCNC-rich
liquid phases co-exist within the optically isotropic SCNC
phases.

The SCNC interparticle distance in the islands is much
smaller than that in GA-free suspensions of the same SCNC
concentration. For example, interparticle distance of dy = 22 £+
6 nm is measured in nematic islands, present in suspensions of

Fig. 1 Cryo-TEM images of 4 wt% suspensions of SCNCS in water. (A) The N* (lower) phase, and (B) the isotropic (upper) phase.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1 wt% SCNCs in 3 wt% GA solution (Fig. 3B and Table S2 of the
ESI}) rather than 60 &+ 19 nm in the GA-free suspension.

The lower magnification image (Fig. 3F) shows that the
clustering of SCNCs into nanometric islands of nematic align-
ment appears all over the sample.

SAXS measurements of similar suspensions are presented in
Fig. 4A and B. 1D scattering curves of 1 and 2 wt% SCNC
suspensions in GA show a peak at low g values, and suspensions
of 2 wt% SCNCs show also a shoulder at mid-g values, g, with
d1/q0 = 2, indicative of lamellar symmetry.*® The structure of the
scattering curve and the presence of two peaks is more evident
in the Lorentz (log-log) plot presented in Fig. 4C (and Fig. S2 of
the ESI}). Typical interparticle distances, d,, are presented in
Fig. 4F (and Table S2 of the ESIY). For a given SCNC concen-
tration, the presence of GA induces crowding of the rods, in
consistency with the cryo-TEM results. For example, d, = 63 £
19 nm in GA-free suspensions of 1 wt% SCNCs, while d, =22 +
13 nm in 1 wt% SCNC suspension that contains 3 wt% GA.
These values of d, are significantly smaller than those measured
in GA-free suspensions of SCNCs (Fig. S3B of the ESIt) and are
similar to the inter-aggregate distance measured in native
solutions of GA (Table S1 of the ESIf). We also note that in
aqueous (GA-free) suspensions of SCNCs, similar values of d,
are measured at high concentrations of 8 and 10 wt% SCNCs
(Fig. S3 of the ESIY).

The scattering patterns of SCNC suspension in GA solutions
are composed of contributions from both SCNCs and GA
(Fig. 4D and E). To investigate the contributions of the different
components, we performed a linear superposition analysis
using the scattering patterns of the single components, 1 wt%
GA solutions, and 1 wt% SCNCs in water, separately. It can be

1620 | Nanoscale Adv,, 2025, 7, 1617-1626

observed that the measured scattering pattern of 1 wt% SCNCs
in a solution of 1 wt% GA could not be reconstructed, as it
deviates from the superposed curve. In these curves, the SAXS
signal is dominated by the scattering from the SCNCs though.
The actual location of g, is determined by the GA-induced
crowding of the SCNCs.

In Fig. 5, we present isotropic 2D SAXS patterns measured in
2 wt% SCNCs in water and in the upper phase (optically
isotropic phase) of solutions with 2 wt% GA (Fig. 5A and B,
respectively; see also Fig. S7 of the ESIt). POM analysis of 2 wt%
SCNC suspensions that contain GA at Cgs = 1 wt% reveals the
presence of birefringent domains with typical dimensions of
30-40 um. The interference patterns exhibit the typical Maltese
cross and fingerprint pattern that characterize cholesteric tac-
toids under polarized light (Fig. 5F)."* Note that while the typical
size of these tactoids is much larger than the nematic assem-
blies observed in the cryo-TEM images (Fig. 3), they do not form
a non-isotropic phase on the mesoscopic scale.

A similar investigation of 3 wt% SCNC suspensions in 1 wt%
GA is presented in Fig. 6. Cryo-TEM images reveal that, unlike
the GA-free suspensions, the distribution of SCNCs is not
uniform across the samples. Differently, while in the upper
phase small nematic islands of SCNCs are observed (Fig. 6A)
and the phase is optically isotropic, large areas of co-aligned
SCNCs are present in the lower phase (Fig. 6B) forming a bire-
fringent phase. The inter-particle distance, as calculated from
cryo-TEM measurements, is similar in the two phases and is
determined by the concentration of GA (Table S37). In these
images, the segregation of the mixed SCNC-GA phase into
SCNC-rich droplets that co-exist with GA-rich droplets is clearly
observed. POM images (Fig. S8C and Ff) reveal the presence of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cryo-TEM images of single-phase (isotropic) suspensions of SCNCs: (A) 1 wt% SCNCs in water, (B) 1 wt% SCNCs in aqueous solution of
3wt% GA, (C) 2 wt% SCNCs in water, (D) 2 wt% SCNCs in aqueous solution of 1.5 wt% GA. (E) Higher, and (F) lower magnification images of D.

Scale bar in A-E is 100 nm.

cholesteric tactoids in the upper phase and a continuous bire-
fringent (lower) phase.

We note that while other polymers were observed to be
depleted from the LC phase,*** the presence of GA in the LC
phase is substantial.

2D SAXS patterns of these suspensions (presented in the
inset of Fig. 6) clearly show that the upper phase is isotropic
while the lower phase is not. The 1D scattering curves (Fig. S8B
and Ef) exhibit the typical structure of SCNC phases, with
a nematic character but a smaller inter-particle distance (below
20 nm).

© 2025 The Author(s). Published by the Royal Society of Chemistry

4. Discussion

The role of entropy in the formation of nematic liquid-crystal
phases of colloids and nanoparticles was rationalized by a few
theories.*** The Onsager model developed for infinitely long
rods,* models describing rods with finite aspect ratios,* poly-
dispersity,*** and charged rods*® suggest that excluded volume
interactions drive the assembly of the rods. Thus, the phase
diagram is dominated by the high aspect ratio of the hard rods.

The models can be used for rationalization of the I-N tran-
sition observed in SCNC suspensions: a first-order liquid-liquid

Nanoscale Adv., 2025, 7, 1617-1626 | 1621
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Fig. 4 (A) 1D SAXS curves of 1 (H), and (B) 2 wt% (@) SCNC suspensions in GA solutions. Color code: ® water, ® 0.5 wt% GA, ® 1 wt% GA,
1.5 wt% GA, @ 2 wt% GA, ® 3 wt% GA. The curves are shifted for better visualization. (C) Lorentz (log—log) plots of two curves (2 wt% SCNCs + @
2 wt% GA, ® 3wt% GA) superposition experiment: 1D SAXS curves obtained from 1 wt% SCNCs in GA solutions: (D) in 1 wt% GA, (E) in 2 wt% GA. (F)
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Fig. 5 2D SAXS pattern of 2% SCNCs (A) in water, and (B) in 2 wt% GA solution. POM images of (C) 1 wt% and (D) 2 wt% SCNC suspensions in
water. POM images of the (upper) optically isotropic phase of 2 wt% SCNCs in (E) 1 wt% GA solution (F) 2.5 wt% GA solutions.
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Fig. 6 Cryo-TEM images obtained from suspensions of 3 wt% SCNCs in 1 wt% GA (A) Optically isotropic, and (B) the birefringent phase. Bar
100 nm. The insets show the 2D SAXS patterns obtained from the suspensions (see also Fig. S8A and D of the ESI¥).

phase transition that proceeds mainly via nucleation and
growth of nematic droplets (tactoids).” The orientational order
of the nematic phase is attributed to the trade-off between the
minimization of the excluded volume interactions and the
maximization of the translational entropy of the nanorods. In
SCNC suspensions, the nematic phase is chiral (cholesteric),
and the nucleating tactoids exhibit a chiral nematic (N*)
structure.> The N* phase is characterized by inter-particle
(SCNC) distance and chiral pitch that decrease with
increasing SCNC concentration.>'*****> While the origins of
tactoids chirality are still debated,>*® the evolution of micron-
sized tactoids, and their chiral nature already at inter-particle
distance of 50-60 nm was reported in many studies.>*®

A major challenge in SCNC self-assembly (and colloidal
assembly in general), is the kinetic accessibility of a target
mesophase. Whether the desired structures are thermody-
namically stable (here, the equilibrium cholesteric phase) or
metastable (quenched thin films, photonic structures) kinetic
arrest prevents their realization.”” The high aspect ratio of
SCNCs (10 to 1000) combined with their polydispersity result in
arrested gel-like states that inhibit their equilibration into the
chiral nematic phase due to kinetic barriers.*® Thus, interac-
tions that reduce the kinetic barrier may facilitate the nucle-
ation of the cholesteric phase. Indeed, the role of depletion
agents in triggering the emergence of desired phases or self-
assembly, that are difficult to access due to kinetic barriers via
crowding of colloidal objects has long been explored.**°

In addition, since SCNC self-assembly is driven by reduction
of excluded volume (entropic driving force), it is expected that
modification of the entropic balance by (attractive) depletion
interactions induced by non-adsorbing polymers** would
modify their self-assembly.** Indeed, the negatively charged GA
(at pH > pK, of the polymer) that does not adsorb onto the
(negatively charged) SCNCs, is observed to induce crowding in
the SCNC suspensions and assist in the nucleation of the N*
phase. The branched structure of GA intensifies the depletion
effect of the polymer and minimizes the formation of entangled
networks (at the low concentrations investigated here). Thus, we

© 2025 The Author(s). Published by the Royal Society of Chemistry

do not observe any gelation or kinetic arrest in GA-solutions of
SCNCs (see the summary in Section 1 ESIt). Therefore, GA can
be used to modify and tune the formation of SCNC mesophases
and consequentially their optical properties.

Cryo-TEM and SAXS analysis suggest that GA induces
significant crowding of the SCNCs to interparticle distances that
are smaller than those observed even at high SCNC concentra-
tions (8 and 9 wt%) in GA-free suspensions.****

Two observations indicate that the introduction of depletion-
induced entropic attraction between the rods strongly modifies
the chemical potential of the combined system.'® First, the
appearance of sub-micron areas that are either enriched or
depleted of SCNCs (and correspondingly of GA) in cryo-TEM
images, indicating that a new liquid-liquid phase transition
takes place within the mesoscopically isotropic phase of the
SCNC-GA suspensions (Fig. 3 and 6). Thus, GA-rich droplets
coexist with SCNC-rich droplets. Second, the observation that
the inter-particle distance of both SCNCs and GA is similar, and
follows the typical values measured in GA solutions (of a given
concentration) (Fig. 4C). Following theoretical
models,**?%341051 we suggest that new liquid-liquid phase
separation results from the depletion-induced crowding of
SCNCs by the solvated GA. Thus, the reduction of the osmotic
pressure of the polymer, due to the increase in free volume that
drives the crowding of the SCNC system, followed by the
entropic gain from the alignment of rod-like particles results in
the formation of pre-tactoid bundles, at relatively low SCNC
concentrations.

A summary of the quantitative effect of GA concentration on
the crowding of SCNCs is presented in Fig. 7. In Fig. 7A, we
present the dependence of the SCNC inter-particle distance,
do(SCNCs), on GA concentration. In Fig. 7B, the inter-colloid
distance in GA solutions of different concentrations (dy(GA))
is shown, and in Fig. 7C the inter-SCNC distance d, (SCNCs) in
GA-free suspensions. We observe that for a given concentration
of SCNCs (Fig. 7A, 1 wt% or 2 wt% SCNCs), do(SCNCs) decreases
with GA concentration, with a scaling exponent of (—0.35). This
dependence on GA concentration is similar to the dependence
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(A) The interparticle distance, dg, as a function of GA concentration for 1 wt% SCNCs (@) and 2 wt% SCNCs (e). (B) The inter-aggregate

distance, d, in GA solutions. (C) dg in aqueous (GA-free) suspensions of SCNCs, the isotropic regime. The values were calculated from SAXS

measurements (Fig. 4, 6 and Tables S1-S3 of the ESI¥).

of the inter-particle distance of GA in aqueous solutions
(Fig. 7B) more than the dependence of dy(SCNCs) on the
concentration of SCNCs in GA-free suspensions (Fig. 7C).
Furthermore, the values of dy(SCNCs) in the GA solutions are
significantly reduced as compared to the native SCNC suspen-
sions, indicating that the SCNC rods are crowded in GA
solutions.

To summarize, the observations presented here indicate that
depletion interactions induced by the presence of non-
adsorbing branched polysaccharide (GA) modify the self-
assembly and phase behavior of SCNC suspensions. The
osmotic pressure exerted by the flexible polymers, and entropic
gain from the alignment of the SCNC rods result in the
crowding of the suspended SCNCs, leading to a new liquid-
liquid phase transition within the optically isotropic SCNC
phase. GA reduces the nucleation barrier and enables the
assembly of pre-tactoids nematic nano-islands that evolve into
cholesteric droplets (tactoids) in very low SCNC concentrations.

5. Conclusions

Crowding of SCNCs induced by an efficient depletion agent, the
non-adsorbing highly branched natural polysaccharide, GA,
seems to modify the entropy-driven assembly of SCNCs. Thus,
GA can be exploited to tune the self-assembly pathway of SCNCs
by inducing crowding, trigger the emergence of the desired N*
phase, tune the pitch of the cholesteric phase, and bypass
gelation and kinetic arrest. This approach does not require
chemical modification of the SCNCs, and can be applied to
a wide variety of SCNCs that differ in their surface charge,
biological origins, polydispersity and shape.
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