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Thermodynamically controlled multiphase
separation of heterogeneous liquid crystal
colloids

Han Tao 1, Carlo Rigoni 2, Hailong Li3, Antti Koistinen 1,
Jaakko V. I. Timonen 2, Jiancheng Zhou4, Eero Kontturi 1 ,
Orlando J. Rojas 1,5 & Guang Chu 1,4

Phase separation is a universal physical transition process whereby a homo-
geneous mixture splits into two distinct compartments that are driven by the
component activity, elasticity, or compositions. In the current work, we
develop a series of heterogeneous colloidal suspensions that exhibit both
liquid-liquid phase separation of semiflexible binary polymers and liquid
crystal phase separation of rigid, rod-like nanocellulose particles. The phase
behavior of the multicomponent mixture is controlled by the trade-off
between thermodynamics and kinetics during the two transition processes,
displaying cholesteric self-assembly of nanocellulose within or across the
compartmented aqueous phases. Upon thermodynamic control, two-, three-,
and four-phase coexistence behaviors with rich liquid crystal stackings are
realized. Among which, each relevant multiphase separation kinetics shows
fundamentally different paths governed by nucleation and growth of polymer
droplets and nanocellulose tactoids. Furthermore, a coupled multiphase
transition can be realized by tuning the composition and the equilibrium
temperature, which results in thermotropic behavior of polymers within a
lyotropic liquid crystal matrix. Finally, upon drying, the multicomponent
mixture undergoes a hierarchical self-assembly of nanocellulose and polymers
into stratified cholesteric films, exhibiting compartmentalized polymer dis-
tribution and anisotropic microporous structure.

Phase separation is a persistently relevant topic that essentially entails
order appearing from disorder in a heterogeneous system1. It can be
triggered by different stimuli, occurring in a diverse range of natural
and synthetic transition processes, including purification, compart-
mentation, and matter exchange2–4. To minimize free energy, certain
kind of colloids can demix into two coexisting phases to reach
equilibrium5. Specifically, dispersions of anisotropic particles undergo

phase separation above the critical concentration6–9, termed as liquid
crystal phase separation (LCPS) which has an immense potential in
modern materials science with a wide range of applications10. In
another realm, liquid-liquid phase separation (LLPS) in homogeneous
macromolecular solutions is a prominent phenomenon in biological
systems as it plays a dominant role in realizing cellular functions and
creating subtle structures in living organisms11. Furthermore, both of
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these two transitions can be mutually connected: in eucaryotic cells,
for example, the membranes are formed by LCPS of lipid molecules
whereas the nucleolus is condensed from LLPS of proteins12,13.

LCPS into upper isotropic andbottomordered anisotropicphases
is driven by the interplay between particle orientational entropy and
excluded volume packing entropy, where the boundary conditions are
governed by the aspect ratio of the particle (Fig. 1a)14. By contrast, the
underlying driving force of LLPS is the trade-off between enthalpy and
entropy toward energy minimization, based on the interactions
between different components15–17. LLPS is controlled by a phase
equilibrium which depends on, e.g., temperature, pH and/or compo-
sition (Fig. 1b)18. Once the phase separation occurs, the formed liquid
droplet compartments exhibit varying physical properties and assume
different colloidal states, such as gel, glass, or crystals19–21. Converging
LCPS and LLPS has rarely been attempted in a synthetic system,
although it would add a significant degree of tunability into LCPS if the
physical triggers of LLPS, like temperature, were to be utilized in
controlling their self-assembly behavior.

In this study, we report a thermodynamically controlled multi-
phase separation with cholesteric liquid crystal assembly in a four-
component soft matter system. Specifically, the system consists of an
aqueous mixture of cellulose nanocrystals (CNCs), poly (ethylene
glycol) (PEG) and dextran. CNCs are rigid, polydispersed rod-like
nanoparticles that are isolated from plant cell walls through acid
hydrolysis22–25. Their colloidal stability and self-assembly ability to form
left-handed cholesteric liquid crystal phases through the nucleation of
tactoids have been widely explored26–31. Upon LCPS, the resulting

water-water interface exhibits ultralow interfacial tensions between
the top isotropic and the bottom anisotropic phases32,33. PEG and
dextran, on theother hand, arewell-known for formingbinarypolymer
mixtures which undergo a reversible LLPS transition process34. Intri-
guingly, this LLPS is temperature sensitive: it can be triggered by
cooling when shifting the PEG-dextran composition from one-phase
into the region that favors phase separation in the phase diagram35,36.
In this way, a PEG-dextran solution with the composition at the inter-
mediate region can separate into two phases at low temperatures and
remix back into homogeneous state upon a temperature increase
(Fig. 1c, d). The influence and colloidal behavior of adding guest
additives into LCPS of CNC suspensions or LLPS of PEG-dextran solu-
tions has been widely studied37–42, also in the case of mixing the two
systems with each other. Previously, we have established that the CNC
nanoparticles can maintain their cholesteric order with the existence
of PEG and dextran, while the resulting twoCNC-polymers dispersions
are immiscible when mixed, giving rise to water-in-water emulsions
comprising hierarchical CNC assemblies43,44. There are, however, no
attempts with anymaterials to create and investigate a heterogeneous
colloidal system that features both the concentration dependent LCPS
of nanoparticles and the temperature-sensitive LLPS of polymers.

By manipulating the CNC-PEG-dextran ratios, we reveal how the
resulting mixtures exhibit two different equilibrium states with unu-
sual phase coexistence behaviors and rich liquid crystal stackings by
temperature adjustments. Owing to the interplay between suspended
particles and polymer coils, the obtained LCPS-LLPS multiphase
separation has displayed designed structural heterogeneity and
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Fig. 1 | Schematic illustration of the phase diagrams to describe LCPS of
nanoparticles and LLPS of polymers. a The volume-composition diagram illus-
trates two vertical lines at Onsager volume fractions φI and φLC , corresponding to
anisotropic colloidal particles with either one-phase or two-phase systems. b A
phase diagram describes the phase behavior of macromolecular solutions as a
function of concentration, influenced by various modulatory factors such as tem-
perature and pH etc. The coexistence line (black curve) separates the one-phase
region from the two-phase region on the phase diagram. At the critical point, the
composition of the two liquid phases becomes identical, and the density difference
between the phases approaches zero. Phase separation starting from a homo-
geneous state (red dot) can be induced by increasing the concentration (ΔC >0) or
decreasing the temperature (ΔT <0). At concentrations below saturation con-
centration (Csat), the system is in the one-phase region (1). Within the two-phase
region, a polymer solution forms dense droplets with enriched solutes and a

depleted dilute phase (2). As concentration increases, droplets grow (3) until the
dense phase volume surpasses the diluted, causing diluted droplets to formwithin
the dense phase (4). Past this inversion, increasing concentration shrinks the
diluted droplets until only a dense one-phase solution remains (5). c Phase diagram
of PEG-dextran LLPS system: the binodal curve separates the phase diagram into a
one-phase region thatbelow the curve and a two-phase region that above the curve.
The black curve is the coexistence line at the given temperature, whereas the red
dashed curve represents a new coexistence line at an altered temperature. When
the composition of PEG-dextran solution is located at the intermediate region
between the two coexistence lines, it will stay in two-phase state at a given tem-
perature and remix into one phase with temperature variation. d Experimental
phase diagram of binary polymer solutions of PEG (8 kDa) and dextran
(450–600 kDa) at 21 and 50 °C. The line data of critical PEG-dextran composition at
different temperatures are obtained from a previous report35.
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ordered colloids assembly across the interface. Furthermore, we were
able to distinguish different kinetic paths for LLPS and LCPS during the
multiphase separation by disentangling the transition process into
LLPS-induced polymer compartmentation and LCPS-driven chiral self-
assembly of CNCs. When the mixtures were dried into solid films, the
system underwent multiphase separation to preserve the cholesteric
CNC assembly, leading to PEG-rich and dextran-rich polymer domains
with varying helical pitch and hierarchical porous structure. The fun-
damental understanding provided by our results opens newdirections
for the design of novel hybrid softmatter with combined lyotropic and
thermotropic responsivity.

Results
In aqueous suspension, the CNC nanoparticles (195 ± 54nm in length
and 9 ± 2 nm in width, Supplementary Fig. 1) alone have purely repul-
sive interactions due to the strong anionic surface charges (zeta
potential of -50 mV). Above the critical concentration, CNCs exhibit
macroscopic liquid crystalline behavior with a bottom, high-density
cholesteric phase and an upper, low-density isotropic phase (Fig. 2a).
Typically, the phase behavior of CNCs is insensitive to temperature
since it is driven by entropy (Supplementary Fig. 2). However, adding
semiflexible nonadsorbing polymers, that is, PEG or dextran (mole-
cular weight of 8 kDa and 450–600 kDa, respectively)38,45 into the
cholesteric liquid crystal phase can induce attractive interactions
among lateral CNC nanorods by depletion mechanism and make the
phase behavior stimuli responsive. In such aqueous CNC-polymer
mixtures, CNCs are co-assembled with polymer coils into cholesteric
organization and creating a region that is depleted of polymers around
each nanorods (Fig. 2b and Supplementary Fig. 3). Owing to the
molecular differences between PEG and dextran, the microscopic
texture of CNC-PEG and CNC-dextran liquid crystal phase are slightly
different under depletion effect (Supplementary Fig. 4). This maybe
because of dextran (composed by branched glucose units) share
similar molecular structure with CNCs (composed by linear chain
glucose units), leading to more favorable steric and intermolecular
interactions. Compared to the neat aqueous CNC suspension, the
resulting overlapped depletion zones of neighboring nanoparticles in
the CNC-polymer mixture drive the resuming cholesteric phase
separation with reduced helical pitch (Supplementary Fig. 5 and Sup-
plementary Table 1). In addition to concentration, the strength and
scope of depletion interaction canbemodulated by altering the size of
the non-absorbing polymer46–49, thereby tuning the hydrodynamic size
of PEG and dextran through temperature adjustment enables the
controlling of the phase behavior of the CNC-polymer mixture. Owing
to the flexibility and expanded conformation of the polymer chains,
when the cholesteric CNC-polymer mixtures are heated, both the
anisotropic volume fraction and the helical pitch of the resulting
cholesteric phase slightly decreases, which can be attributed to the
changes of attractive depletion interactions between CNCs (Fig. 2c,
Supplementary Fig. 6 and Supplementary Table 1). Therefore, we
concluded that the LCPS of CNCs could be triggered by increasing
concentration and further modified by adding semiflexible non-
adsorbing polymers, giving rise to a concentration-driven,
temperature-sensitive phase behavior.

In the experiments realizing multiphase separation, we used a
four-component aqueousmixture comprising CNCs, PEG, and dextran
at varying concentrations. We first examined the influence of LLPS of
polymers on the LCPS behavior of CNCs by using a fixed PEG-dextran
ratio of 3.75–4.25wt%, while the CNC concentration was tuned from 0
to 6wt% (Fig. 2d). After equilibrium, we determined the relative
composition of each phase by size-exclusion chromatography and
turbiditymeasurements (Supplementary Figs. 7−9 and Supplementary
Table 2), indicating that the upper PEG-rich and bottom dextran-rich
subsystems possess unequal affinity to CNCs. Note that the applied
polymer composition (3.75–4.25wt%) was located at the intermediate

region between the two coexistence curves, meeting the temperature
conditions necessary for phase transition (Fig. 1d). In this case,
the aqueous binary polymer mixture formed a two-phase system at
21 °C and was converted to a single phase at 50 °C, indicating the
heating induced LLPS transition. The driving force behind this phe-
nomenon can be attributed to the entropic gain associated with the
release of water molecules from the polymer chains upon heating.
However, the four-component CNC-PEG-dextran aqueous mixtures
(x–3.75–4.25wt%, x = 1–3) demonstrated a two-phase stacking without
liquid crystalline ordering (Supplementary Fig. 10), implying that the
addition of CNC had shifted the PEG-dextran composition in favor of a
two-phase over the one-phase state in the phase diagram. Above the
critical CNC concentration (4wt%), both LLPS of polymers and LCPS of
CNCs occurred in the hybrid system and revealed multiphase separa-
tion. At 21 °C, the dispersed CNCs were mainly partitioned into the
bottomdextran-richphase inwhich thedepletion forces promoted the
enrichment of particles together with cholesteric self-assembly.
Meanwhile, the upper PEG-rich phase was CNC-lean and isotropic. The
aqueous mixture separated into a three-phase system by a further
increase in temperature to 50 °C with the stacking sequence including
an upper PEG-rich isotropic phase, a middle dextran-rich isotropic
phase, and a bottom dextran-rich cholesteric phase (Supplementary
Fig. 11). Interestingly, in the presence of highly concentrated CNCs
(6wt%), the resulting multiphase coexistence behavior was
temperature-dependent with either three-phase or four-phase stack-
ings. Similar phase transitions and stacking sequences were obtained
by the CNC-PEG-dextran mixtures with increased dextran concentra-
tion (x–3.75–5.5 wt%, x =0–6, Supplementary Fig. 12), which was only
for the two-phase region. These results suggested a thermo-
dynamically controlled multiphase separation with individual LLPS of
polymers and LCPS of CNCs in the heterogeneous colloidal system.

To explore the interplay between LLPS and LCPS, we selectively
restrained the LLPS process by choosing a miscible PEG-dextran ratio
of 3.75–3.5 wt%, and gradually increased the CNC concentration to
realize the LCPS process (Fig. 2e). In such samples, the four-
component aqueous mixtures remained homogeneous without
phase separation at low CNC concentrations at both 21 °C or 50 °C. At
intermediate CNC concentration (4wt%) under room temperature, the
aqueous mixture separated into two bulk phases, leading to an upper
clear PEG-rich isotropic phase and a bottom, cloudy dextran-rich
cholesteric phase, whereas phase separation was inhibited when the
temperature increased to 50 °C (Supplementary Fig. 13). Higher CNC
concentrations increased the volume fraction of the cholesteric phase
and shifted from two-phase to three-phase stacking at room tem-
perature. However, such system displayed an inversed phase separa-
tion phenomenon with the CNC partitioned into an upper low-density
PEG-rich phase on top of a high-density dextran-rich isotropic phase
(Supplementary Table 2). In parallel, further tuning of PEG-dextran
polymer compositions (for example, dextran fixed at 3.5 wt% with PEG
ranged from 3.5wt% to 4.0wt%) maintained LCPS with an increased
CNC content whereas the polymer LLPS was suppressed (Fig. 1d and
Supplementary Fig. 14). These results demonstrate a temperature-
mediated multiphase separation, in which the lyotropic-induced LCPS
of CNCs can be triggered by thermally controlled LLPS of polymers.

To quantify the interplay between LLPS and LCPS, we fixed the
CNC-PEG concentration (6–3.75wt%) and tuned the dextran con-
centration varied across two critical polymer compositions at different
temperatures. The obtained mixtures exhibited three-phase stacking
at 21 °C and two- or four-phase stacking at 50 °C, depending on the
dextran concentrations (Fig. 2f, inset). For all the phase stackings
investigated, the total volume fractions of the anisotropic phases
slightly increased and did not coarsen with time (Fig. 2f and Supple-
mentary Fig. 15), suggesting that they were equilibrated colloidal
assemblies. By comparison, the temperature altered the volume frac-
tion of the anisotropic phase, which could be ascribed to the size-
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dependent polymer depletion effect50. Besides, the resulting phase
stacking structures were stable without further transformation when
the temperature was tuned (Supplementary Fig. 16), implying the
existence of an energy barrier between the different equilibrium
states.

To better understand the multiphase separation, we clarify the
interplay between LLPS and LCPS by mapping the three-dimensional
phase diagrams for the four-component CNC-PEG-dextran aqueous
mixtures at 21 and 50 °C, respectively (Fig. 3). When the CNC con-
centration is below 3.25wt% and equilibrate under 21 °C, the phase
diagram of CNC-PEG-dextran aqueous mixture can be divided into

one-phase region and two-phase region by the coexistence plane (gray
dots). The obtained mixtures remain homogeneous with the compo-
sitions located at the left side of the CNC-PEG-dextran coexistence
plane andphase separated due to the contribution of LLPSprocess at a
composition on the right side of the coexistence plane (Fig. 3a). The
phase separation behavior becomes more pronounced by increasing
the CNC concentration, which is ascribed to the occurrence of LCPS.
Given the multiphase separation process, the obtained CNC-PEG-
dextran aqueous mixture display either a two-phase or three-phase
behavior. It should be noted that the origin of the two-phase behavior
can be realized by the contribution of LCPS or coupled LLPS-LCPS.
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Fig. 2 | The phase behavior of CNC-PEG-dextran heterogeneous colloids.
a Photograph of aqueous CNC suspensions to highlight the concentration depen-
dent LCPS (samples were placed between crossed polarizers). b Illustration of
cholesteric self-assembly of CNC with nonadsorbing polymers through depletion
effect. c CNC-PEG suspension with temperature-sensitive phase behavior and
cholesteric assembly (scale bars: 50 μm). The inset is the corresponding measured
helical pitch. d, e The evolution of multiphase separation in four-component CNC-

PEG-dextran aqueousmixturewith an increased (stepwise 1 wt%)CNC content from
0 (yellow box), 4 (blue box, critical concentration for LCPS of CNC) to 6wt% (red
box) at different temperature. The composition of PEG-dextran is fixed at
3.75–4.25wt% (d) and 3.75–3.5 wt% (e), respectively. f Total volume fraction of the
anisotropic phase as a function of dextran concentration which equilibrated
under either 21 or 50 °C.
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Further increasing CNC concentration to 5.5wt% leads to the emer-
gence of an additional cholesteric phase within the PEG-rich region,
thereby transforming the hybrid system from a two-phase to a three-
phase state.

Upon heating, the interactions of CNC-polymers and PEG-dextran
changed, leading to temperature-sensitive multiphase separation with
two-, three- and four-phase coexistence behaviors of different physical
origins (Fig. 3b). To explore themultiphase separation under 50 °C, the
three-dimensional phase diagram can be partitioned by the CNC-PEG-
dextran coexistence plane and the critical CNC concentration planes
into several regions.With the addition of polymers, the LCPS of CNC is
profoundly suppressed, namely, the CNC concentration threshold for
LCPS shifts from 3.25wt% (21 °C) to 4.50wt% (50 °C) in the polymer
miscible region. However, in the region where LLPS occurs, the critical
concentration for LCPS of CNC remains at 3.25wt%. Above this critical
CNC concentration, the four-component CNC-PEG-dextran aqueous
mixtures demonstrate three-phase behavior with LLPS and LCPS pro-
cess, including an upper PEG-rich isotropic phase, a middle dextran-
rich isotropic phase, and a bottom dextran-rich cholesteric phase.
Intriguingly, when the CNC concentration reaches 4.50wt%, the
resulting mixtures exhibit more complex phase behavior with the
emergence of varying inverted cholesteric-isotropic states. Figure 3c
highlights the main critical coexistence plane (gray dots) and sec-
ondary phase plane (magenta square) with a transition from two-

phase, three-phase to four-phase states,where the intermediate region
between the two-phase boundaries displays an unique inverted phase
behavior. Within this region, the volume fraction of upper cholesteric
PEG-rich phase increases with the increasing of CNC concentration,
and finally themultiphase system shifts from three-phase to two-phase
stacking (from point 5 to 2). Further changes in the polymer con-
centration, below the main critical coexistence plane or beyond the
secondary phase plane, leads to two-phase (point 1 and 4) and four-
phase behaviors (point 3 and 6), respectively.

We validated the microstructure of each phase by performing
polarized optical microscopy (POM) imaging. For the samples with
high particle concentration, the resulting mixtures exhibited three-
phase stacking at room temperature (Fig. 4a, b). The upper phase
appeared dark while the bottom two phases displayed birefringence
through crossed polarizers, confirming the isotropic (PEG-rich) | cho-
lesteric (PEG-rich) | cholesteric (dextran-rich) stacking sequence.When
viewed under highermagnifications, we observed two sharp interfaces
at the isotropic-cholesteric and cholesteric-cholesteric domains in
which the fingerprint texture in the latter region was continuously
invaded from the middle cholesteric phase to the bottom phase,
implying the chiral assembly of CNCs across the PEG-dextran phase
boundary where the two phases are immiscible to each other (Fig. 4a,
b, Supplementary Fig. 17). Themeasured helical pitch in the bulk phase
of the cholesteric PEG-rich region was larger than that of the dextran-
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dimensional phase diagram of the CNC-PEG-dextran aqueous mixture that high-
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50°C (b), respectively. Amongwhich, the LLPSprocess is inhibited at the left sideof
the CNC-PEG-dextran coexistence plane (gray dots) whereas the right-side area is
active for LLPS.With the contribution of LCPS, the resultingmultiphase regions are

modulated by the critical CNC concentrations (colored horizontal planes). cWhen
the CNC concentration exceeds 4.5 wt%, the multiphase transition area can be
defined as two-phase region (only LCPS, points 1 and 4), inverted phase region
(where a cholesteric phase is on top of an isotropic phase, points 2 and 5), and a
four-phase region (points 3 and 6) due to changes of the polymer composition.
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rich region, implying a grading pitch along the polymer concentration
variation which due to the differences of depletion interactions (Sup-
plementary Table 2). When the samples were equilibrated at 50 °C, the
obtained four-component aqueous mixtures transformed into a four-
phase stacking with isotropic (PEG-rich) | cholesteric (PEG-rich) | iso-
tropic (dextran-rich) | cholesteric (dextran-rich) assembly and two-
phase stacking with cholesteric (PEG-rich) | isotropic (dextran-rich)
assembly, respectively (Fig. 4c, d). Notably, the resulting helical pitch
was temperature-dependent, which could be ascribed to the redis-
tribution of polymers inside the cholesteric domains. Based on the
difference between LLPS and LCPS, we distinguished two kinds of
water–water interfaces in the hybrid system, namely, a demixed
polymer-based PEG-dextran interface and a metastable liquid crystal-
line isotropic-cholesteric interface, respectively.

Along with the phase microstructure, we assessed the CNC-PEG-
dextran self-assembly by small-angle X-ray scattering (SAXS). For
three-phase stacking assembly, the obtained cholesteric phases dis-
played two peaks: a primary peak at low q values fixed at 0.0178 Å−1

and the peak at high q values diminished in intensity from a dextran-
rich to a PEG-rich phase (Fig. 4e). The average correlation distance of
CNCs in the polymer-dispersed cholesteric phase was estimated to
be 35.3 nm, i.e., slightly smaller than that of the neat CNC cholesteric
phase (37.3 nm, Supplementary Fig. 18), implying the excluded
volume effect of polymers on the cholesteric self-assembly of CNCs.
With increasing temperature, the SAXS data of the corresponding
polymer-dispersed cholesteric phase changedwith the varying phase

behavior (Fig. 4f). For four-phase stacking assembly, the primary
peak position of PEG-rich cholesteric phase shifted to 0.0185 Å−1 with
a correlation distance of 34.0 nm, whereas the peak position of the
dextran-rich counterpart remained constant (0.0178 Å−1, 35.3 nm).
For the two-phase assembly, the peak position and the correlation
distance of the upper PEG-rich cholesteric phase was 0.0178 Å−1 and
35.3 nm, respectively. Note that the twist angle between the neigh-
boring CNCs in cholesteric phase can be determined by 360° ×d=p,
where d and p are the average correlation distance and helical pitch
of the cholesteric phase, respectively. The calculated CNCs twist
angles in different cholesteric regions ranged from 1.2° to 1.7°, sug-
gesting slight changes of the helical twisting force with the coex-
istence of the polymers.

Based on the above, the schematic representation of the PEG-
dextran interface with either cholesteric-cholesteric or cholesteric-
isotropic assemblies, are shown in Fig. 4g. At the PEG-dextran inter-
facial zone, the relative polymer concentration gradually varies across
distances of tens of nanometers34,51, which is much larger than the
distance between neighboring CNCs. The obtained two interfaces,
namely, polymer-polymer and isotropic-cholesteric interface, could be
coupled or separated by temperature changes, giving rise to ultralow
interfacial tensions (<10 µN/m, Supplementary Table 3). For example,
the interfacial tensions of the PEG-dextran interface with the
cholesteric-cholesteric and the cholesteric-isotropic CNC phases were
significantly reduced by the presence of the unequal partitioning of
the negatively charged CNCs over the two phases.
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To gain insights into the temperature-driven multiphase separa-
tion, we performed a detailed time-lapse imaging analysis that tracked
the phase transition process. We first compared the dynamic forma-
tion of three-phase stacking (21 °C) and four-phase stacking (50 °C)
with a CNC-PEG-dextran ratio of 6–3.75–4.25 (wt%). Figure 5a, b shows
the time-resolved multiphase separation as well as the formation of
interface at different temperatures (see Supplementary Movies 1, 2).
For the three-phase stacking, the initial homogeneous mixture first
became cloudy and sedimented into a bottom phase, which was
ascribed to the contribution of LLPS with a dense lower dextran-rich
phase and a dilute upper PEG-rich phase. Subsequently, the phase
separation continued to reach equilibrium with the formation of a
second phase on top of the PEG-dextran boundary that appeared less

cloudy while the upper phase remained clear, implying the isotropic-
cholesteric LCPS transition. The resulting multiphase separation pro-
cess was divided into two parts and took 20 h to reach equilibrium,
longer than the individual LLPS of the PEG-dextran solution or the
LCPS of the CNCs suspension (1.5 and 12 h, See Supplementary
Movies 3, 4). On the other hand, when the samplewas in equilibrium at
50 °C, the suspended CNCs partitioned into two compartments due to
the LLPS of the polymers to arrive to a balance in chemical potentials
between the two immiscible subphases. As the separation continued,
the suspended CNCs in the PEG-rich and the dextran-rich phases then
independently separated into an upper isotropic and bottom choles-
teric phase separated by the PEG-dextran boundary, leading to a four-
phase stacking assembly. For both multiphase separation systems,
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LLPS led to an immisciblepolymer boundary between the PEG-rich and
the dextran-rich bulk phases before the terminating of LCPS of CNC.
The microscopic LCPS was confirmed by the appearance of CNC
cholesteric tactoids which accumulated into the isotropic-cholesteric
interface under different temperature. Reaching equilibrium under 21
°C, the CNC tactoids accumulated into bulk cholesteric phase that
diffused across the PEG-dextran boundary, resulting in a cholesteric-
cholesteric interface at the polymer boundary and an isotropic-
cholesteric interface in the upper PEG-rich phase. In contrast, the
tactoids accumulated individually in the PEG-rich and the dextran-rich
subphases and generated two isotropic-cholesteric interfaces in each
compartment, whereas the polymer boundary was in a cholesteric-
isotropic state at 50 °C.

The inherent difference between the three-phase and four-phase
stackings was further investigated by analyzing their corresponding
separation kinetics (Fig. 5c–f). The evolution of multiphase separation
can be defined by ðV tð Þ � V equilÞ=ðV initial � V equilÞ as a function of time,
where V tð Þ, V initial and V equil are the volume fraction of the corre-
sponding phases at a given time t, at the initial state and at equilibrium
state52. V tð Þ is determined from the temporal evolution of the multi-
phase separation that disentangles into LLPS and LCPS steps. There-
fore, we depict the real-time phase separation rate by dV=dt. As a
complex fluid with binary polymer compositions, LLPS in PEG-dextran
solution features asymmetric dynamics with both fast and slow com-
ponents, displaying viscoelastic behavior due to the mismatch of dif-
ferent separation rates53,54. The measured separation kinetic for PEG-
dextran solution showed a “fast” settling front of PEG-rich phase and a
“slow” coalescing front of dextran-rich phase, typical of dynamic
asymmetry in viscoelastic phase separation process (Supplementary
Fig. 19). This dynamic asymmetry is induced by the differences in
molecule size. For CNC-PEG-dextranmixture, adding CNCs can restrict
the molecular motion and conformation of PEG and dextran, giving
rise to amodified LLPS process. The resultingmultiphase separation of
LLPS step therefore can be divided into three parts: the initial frozen
regime, the intermediate elastic regime and the final hydrodynamic
regime (Fig. 5c, d)53. Once LLPS occurs, the system first becomes
cloudy due to thenucleation of polymer-richwater droplets and shows
no significant decreasing of volume fraction in the frozen stage. Then
the volume fraction steeply decreases with time in the elastic regime.
This phenomenon suggests the formation of network-like structure
from the mechanical balance of elastic force (Supplementary Fig. 20),
leading to a fast-coarsening mechanism with high separation rate
(Fig. 5e, f). Due to the matter conservation, the changes of volume
fraction in CNC-PEG-dextran system during LLPS stage indicate the
selective transport of polymers through the immiscible phase
boundary, namely, the nucleated dextran-rich droplets in the PEG-rich
phase sediment downward and PEG-rich droplets in the dextran-rich
phase float upward to across the boundary (Supplementary Figs. 21
and 22). In contrast to elastic period, the volume fraction of each phase
remains stable in the hydrodynamic regime, and the network-like
patterns is relaxed to spherical droplets due to the dominance of
interfacial tension over elastic force (Supplementary Fig. 23). As a
result, the LLPS process approaches equilibrium with the separation
rate gradually decreases to zero (Fig. 5e, f).

As themultiphase separation continues, LLPS reaches equilibrium
while LCPS is still evolving. The LCPS step showed one kinetic curve at
room temperature and two independent kinetic curves for PEG-rich
and dextran-rich compartments at 50 °C (Fig. 5c, d), implying the
temperature-mediated LCPS that interacted with the PEG-dextran
phase boundary. In principle, LCPS of CNCs into macroscale choles-
teric bulk phase is the result of gravity-driven sedimentation and
accumulation of microscale anisotropic tactoids through the con-
tinuous isotropic medium30,31. Therefore, the LCPS phase separation
rate, i.e., the tactoid settling velocity, can be defined by
dV=dt = 2r2Δρg=9η (Stokes’ Law), where r is the diameter of the

tactoids; Δρ is the density difference between tactoids and the sur-
roundingmedium; g is the gravitational constant, and η is the viscosity
of the surrounding medium55. The LCPS kinetics of pure CNC sus-
pension showed a constant separation rate to approach equilibrium
(Supplementary Fig. 19), indicating theNewtonianfluid behavior of the
continuous isotropic medium. The addition of non-absorbing poly-
mers of PEG and dextran generates a temperature-sensitive depletion
attraction between CNC nanoparticles and significantly increase the
viscosity of the continuousphase, therebymodulate the LCPSofCNCs.
The LCPS kinetics of the four-component mixture underwent a steady
separation rate, followed by an additional compaction stage with the
rate gradually decreasing until equilibrium (Fig. 5e, f). Noted that the
LCPS kinetics featured a fast separation rate in the upper, PEG-rich
compartment and a slow rate in the bottom, dextran-rich compart-
ment at 50 °C, presenting dynamic asymmetry between the compo-
nents and characteristic for viscoelastic phase separation.We assumed
that the average size of tactoids in each compartmentwas comparable,
while the density difference Δρ was minimal between the isotropic
medium and cholesteric tactoids. As a consequent, the resulting
dynamic asymmetry inside the two polymer compartments during
LCPS step is caused by their large viscosity difference between the
upper and bottom continuous phase, namely, ηPEG<ηDextran (Supple-
mentary Fig. 24).

According to classical thermodynamics, both LLPS of polymers
and LCPS of nanoparticles can be described as activated processes, in
which the critical nucleus begins with the formation of a new phase
and requires an energy barrier1. For the current CNC-PEG-dextran
system, the phase separation of PEG-dextran and CNCs itself can
overcome their corresponding energy barriers through nucleation and
growth, leading to a stable multiphase system that contains com-
partmented polymer-dispersed CNC liquid crystal colloids across the
immiscible PEG-dextran phase boundary. The obtained LLPS and LCPS
kinetics not only display strong dynamic asymmetry with viscoelastic
phase behavior, but also widely differ in time across the varying
separation stages, indicating an independent pathway for uncoupled
LLPS and LCPS process.

With an understanding of the multiphase separation kinetics, we
subsequently achieved a coupled LLPS-mediated LCPS process by
manipulating the CNC concentration. Two representative temporal
evolutions of the multiphase separation with different CNC-PEG-
dextran ratios (4–3.75–3.5 and 6–3.75–3.5 (wt%)) are shown in Fig. 6. At
low CNC concentration, the obtained colloidal suspension separated
into two phases, with an upper isotropic and a bottom cholesteric
phase at room temperature. However, it remained homogeneous
when the temperaturewas increased to 50 °C, indicating temperature-
driven phase separation that corresponded to LLPS and LCPS (Fig. 6a,
Supplementary Fig. 13 and Supplementary Movie 5). The resulting
kinetic data exhibited a similar trend as the kinetics of LCPS of CNCs
(Fig. 6b), suggesting the dominant role of the LCPS during the multi-
phase separation process. Further insight into the colloidal self-
assembly between the CNCs and the polymers was given by selectively
dye-labeling the dextran with fluorescein isothiocyanate (FITC) mole-
cules (FITC-dextran, Mw = 500 kDa). When viewed with differential
interference contrast and fluorescent mode, a coupled LLPS-LCPS
process was confirmed. We distinguished a typical nucleation of dex-
tran molecules, rich in CNC cholesteric tactoids, from an isotropic
background. The tactoids grew larger by merging and eventually
sedimented downward into bulk phase. This is because of the higher
density of dextran-rich tactoid than the PEG-rich dispersion medium,
and the sedimentation rate is governed by Stokes’ Law. Hence, the
coupled LLPS-LCPS transition, driven by the sedimentationof tactoids,
led to a dextran-rich cholesteric phase at the bottom and an upper
PEG-rich, isotropic phase (Fig. 6c and Supplementary Fig. 25). By
contrast, at 50 °C, the FITC-dextran molecules were uniformly dis-
tributed, without enriching in the interior of the tactoids
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(Supplementary Fig. 26), which could be attributed to the suppressed
LLPS process, i.e., the formation of a miscible PEG-dextran polymer
phase with discrete CNC cholesteric tactoids. Thus, we infer that both
the LLPS and the LCPS processes occur simultaneously and share the
same nucleation and growth pathway, in which the multiphase
separation is triggered by LLPS but governed by LCPS transition.

We also tracked the inverse-phase separation process at 50 °C
with the upper low-density PEG-rich cholesteric phase floating on the
high-density dextran-rich isotropic phase at the bottom (Fig. 6d and
Supplementary Movie 6). At the macroscale, the resulting mixture
displayed a three-phase behavior, with two transition kinetic curves
at room temperature, responsible for independent LLPS and LCPS
process (Supplementary Fig. 27 and Supplementary Movie 7),
whereas a coupled kinetic curve was obtained at 50 °C (Fig. 6e). In
this respect, we proceeded to capture the structural evolution of the
multiphase separation through a POM imaging sequence that high-
lighted the movement of tactoids at the liquid-liquid interface
(Fig. 6f). Before separation, the mixture was homogeneous and
birefringent, showing tortuous disclination lines and isotropic dro-
plets surrounded by the fingerprint cholesteric domains. These iso-
tropic droplets, termed as negative tactoids56, grew larger and
settling downward due to the higher density, merging into the bot-
tom isotropic dextran-rich phase. As separation continued, the
additional CNC and PEG molecules from the isotropic dextran-rich
phase were nucleated into positive cholesteric tactoids, flowing-up
to merge into the low-density PEG-rich cholesteric bulk phase. The
vertical movements by tactoids that drove multiphase separation
could be attributed to the density difference between the tactoid

droplets (including negative and positive) and their dispersionmedia
which moved to opposite directions27. Once the system reached
equilibrium, the compositions of each solute species satisfy the
condition of equal chemical potential across the permeable polymer-
polymer phase boundary57. Changing the temperature significantly
modified the chemical potential in each solute, created multiphase
separation and led to a coupled LLPS-LCPS process.

Based on above, Fig. 6g, h illustrates the two types of multiphase
separation in the four-component mixture, enabled by the coupled
LLPS-LCPS process. At low CNC concentration, entropic effects drive
the nucleation of orientationally ordered cholesteric tactoids from a
dense isotropic background. As a result, PEG and dextran molecules
are unequally partitioning into the tactoids as they aremaintaining the
balance of the chemical potential. A bulk cholesteric liquid crystal
phase forms through fusing and sedimentation of tactoid droplets,
resulting in an upper isotropic PEG-rich phase and a bottom choles-
teric dextran-rich phase. In other words, the LLPS of the polymers
induce the LCPS of CNCs (Fig. 6g). However, when the CNC con-
centration is high enough, both isotropic and cholesteric tactoids are
formed during the separation process. In this case, PEG and dextran
molecules are selectively enriched inside the cholesteric and isotropic
tactoids, respectively, and further merge into an upper cholesteric
PEG-rich phase and a bottom isotropic dextran-rich phase (Fig. 6h).
Overall, the resulting LLPS-LCPS multiphase separation follows the
sedimentation kinetic of tactoid droplets, which indicates the domi-
nant contribution of the LCPS process.

Owing to the LLPS of the polymers, the phase separated four-
component mixture can be further used to generate hierarchical film
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Fig. 6 | The phase behavior of a CNC-PEG-dextran aqueous mixture with a
coupled LLPS and LCPSprocess. aTime evolution of themultiphase separationof
CNC-PEG-dextran aqueous mixture (4–3.75–3.5 wt% at 21 °C). b Multiphase
separation kinetic of the mixture that shows a coupled LLPS and LCPS process.
c Differential interference contrast and fluorescence images of the multiphase
separation through nucleation and grow process. The FITC-dextran molecules are
enriched inside the cholesteric tactoids and merge into larger droplets, and
eventually fuse into bulk dextran-rich cholesteric phase (scale bars: 50 μm).
d Time evolution of the inversed multiphase separation with a composition of

6–3.75–3.5 wt% at 50 °C. e Inversed multiphase separation kinetic of the mixture.
fTime-lapse POM images demonstrate the formationof negative (yellow rectangle)
and positive tactoids (red rectangle) and their vertical movement during the mul-
tiphase separation, resulting in an inversed cholesteric-isotropic phase behavior
(scale bars: 100 μm). g A schematic description of the coupled LLPS-LCPS process
through nucleation and growth of polymers inside the tactoids.h Illustration of the
inversed multiphase separation due to the accumulation of negative and positive
tactoids.
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structures through water evaporation. Upon drying, the cholesteric
order of CNC is preserved in solid films with the co-assembly of non-
adsorbing PEG and dextran polymers. In comparison to the neat cho-
lesteric CNC film or the binary CNC-polymer composite films, which
display vivid structural color58–61, the obtained CNC-PEG-dextran
hybrid film appeared white under natural light and showed birefrin-
gent domains under POM imaging, indicative for anisotropic organi-
zation (Fig. 7a, b). Using FITC-dextran as the fluorescent tracer, we
confirmed the stratified polymer distribution of PEG and dextran
during the film preparation. Similar to the aqueous mixture, the solid
composite was compartmentalized into PEG-rich and dextran-rich
regions along the thickness of thefilm (Fig. 7c), whichcanbeattributed
to the polymer-polymer phase separation. The two CNC-polymer lay-
erswere packed together in the plane of thefilmwith a thickness of 154
and 186 μm for PEG-rich and dextran-rich regions, respectively, con-
sistent with their inclusion in the cholesteric phase within the CNC-
PEG-dextran aqueous mixture.

The surface morphology and CNC cholesteric organization of the
hybrid composite film was further observed by scanning electron
microscopy (SEM). At lowmagnification, themorphology of the cross-
section of the hybrid film exhibited a stratified structure with a dense
PEG-rich domain and amicroporous dextran-rich domain, respectively
(Fig. 7d). Inspection of the PEG-rich domain at high magnification
revealed a layered periodic structure of the cholesteric self-assembly
of CNCs (Fig. 7e, f and Supplementary Fig. 28). Looking at the dextran-
rich domain, we observed a hierarchical structure composed of a
porous scaffold surrounded by a continuous network of buckled CNC
layers (Fig. 7g). The cutting edge of the buckled layers displayed awell-
aligned periodic arrangement of CNCs, characteristic of the choles-
teric structure (Fig. 7h, i). Themeasuredpitch of CNCcholesteric order
in the PEG-rich and dextran-rich domains were 1075 and 850 nm,
respectively, larger than the wavelength range of visible light. The

large voids (~5 μm in diameter) inside the network resulted from the
formation and shrinkage of negative tactoids during evaporation, in
which the isotropic PEG-rich droplets were surrounded by the dextran-
rich CNC cholesteric phase (Supplementary Fig. 29). Therefore, we
conclude that drying a four-component aqueous mixture of CNC-PEG-
dextran can not only sustain the cholesteric organization of nano-
particles inside the polymer matrix, but also preserve the polymer-
polymer phase separation in the solid film, leading to an anisotropic
porous structure that allows maximizing the multiple scattering in the
hybrid film with an opaque white appearance.

Discussion
In summary, here we have bridged the gap between LLPS of polymers
and LCPS of nanoparticles to achieve multiphase separation with
thermodynamically controlled phase behavior. When the CNC-PEG-
dextran aqueousmixtures are in equilibrium, theCNCs sediment into a
cholesteric liquid crystal phase through nucleation and growth of
tactoids, whereas the two polymers demonstrate tunable miscibility
and create a permeable interface for CNC chiral self-assembly. By
exploiting the influence of temperature, we show a responsive phase
coexistence behavior with rich liquid crystal stackings that result from
the interplay between LLPS and LCPS. In addition, systematic analysis
of the evolution of multiphase separation indicates the varying paths
of LLPS and LCPS processes which can be independent or coupled to
each other. Upon drying the four-component mixture, a stratified
cholesteric film with unequal polymer distribution was obtained,
showing hierarchical porous structures and white appearance. Our
findings outline a promising platform for designing novel hetero-
geneous complex colloidal systems whose functionalities can mimic
and match those observed in biology.

(i)(h)(g)

(f)(e)(d)

(c)

Dextran-rich

PEG-rich
(b)(a)

Fig. 7 | Hierarchical structured cholesteric CNC-PEG-dextran composite film.
a Photograph of a dried CNC-PEG-dextran hybrid composite with opaque white
appearance. b POM image of the hybrid composite with distinct birefringent
domains. Cross-section of the composite filmwith fluorescent (c) and SEM imaging
(d), revealing highly dense morphology in PEG-rich region and microporous

morphology in dextran-rich region. e, f High magnified SEM images of the dense
PEG-rich region that display periodic layered structure, indicative of cholesteric
organization of CNC. g–i SEM images of the dextran-rich region, demonstrating
deformed cholesteric layers around large pores. The scale bars are 1 cm (a), 200μm
(b), 100 μm (c), 100 μm (d), 4 μm (e), 2 μm (f), 20 μm (g), 2 μm (h), and 2 μm (i).
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Methods
Materials and chemical reagents
Cellulose nanocrystals gel (CNC, 10.5wt%) was purchased from the US
Forest Products Laboratory at the University of Maine. Dextran (Mw =
450~600 kDa) and fluorescein isothiocyanate dextran (FITC-dextran,
Mw = 500 kDa) were brought from Sigma-Aldrich (Helsinki, Finland),
and polyethylene glycol (PEG, Mw = 8 kDa) with a purity ≥ 99% was
obtained from Promega. All Chemicals were used as received without
further purification. Milli-Q water used in all experiments was pro-
duced by a Millipore water system.

Preparation of CNC liquid crystalline suspension
Two hundred milliliters of CNC suspension with a concentration of
6.5wt% was prepared by diluting concentrated CNC gel with Milli-Q
water. The as-obtained homogenous suspension was sonicated for
2min in an ice bath to increase the particle dispersity. After equili-
brating for 2 days (4 °C), the prepared CNC suspension separated into
two phases with an upper isotropic and a bottom cholesteric organi-
zation. The upper isotropic phase was removed by pipette and leave
the bottom cholesteric phase for subsequent experiments.

Preparation of CNC-PEG-dextran heterogeneous liquid crystal
colloids
In general, PEG and dextran powders with varying composition were
dissolved into the CNC colloidal suspension with a certain amount of
Milli-Qwater to ensure the totalmass of themixturewasmaintained at
6 g (volume is around 5.3mL). The obtained mixtures with desired
compositions were magnetically stirred for 6 h at room temperature,
and then transferred into the 8ml vials for further usage. Multiphase
separation of CNC-PEG-dextran four-component mixture was con-
ducted under either 21 °C or 50 °C environments for two days to reach
equilibrium, displaying temperature-sensitive phase behaviors.

Preparation of CNC-PEG-dextran hybrid composite film
The freshly prepared CNC-PEG-dextran four-component aqueous
mixture (6–3.75–3.5wt%) was poured onto a Petri dish (60mm in
diameter) and sealed to rest for two days to reach the equilibrium.
Then, this phase separated mixture was allowed to evaporate under
ambient conditions to obtain the solid hybrid composite film.

Morphology characterization of CNC
Transmission ElectronMicroscope (TEM) was used to characterize the
morphology of CNCs. Measurement was conducted on a FEI Tecnai
G2S-Twin (FEI, USA) with a field emission gun working at 200 kV. More
than 100 individual crystallites in the TEM images were measured to
gain the size distribution using ImageJ.

Anisotropic volume fraction and time-dependent phase
separation analysis
All photographs and time-lapse videos were shot by a single-lens reflex
camera (Canon EOS 90d, Japan). Photographs of samples were cap-
tured as the phase separation completed in the suspensions at either
21 or 50 °C. Those obtained time-dependent images exhibit spreading
of the supernatant/suspension interface that is used to differentiate
the isotropic region and anisotropic region in the suspensions. Volume
fraction of the anisotropic phasewas determined by dividing its height
by the total height of the dispersion using software ImageJ.

The time-dependent phase separation process was visualized by
the time-lapse recording, and as-obtained videos were automatically
transferred to the format of 25 FPS (1 s is equal to 12.5min in real time)
by a camera. To depicture the phase separation kinetics, time-lapse
videos were transferred to image sequence stocks and those image
sequences were imported into ImageJ. For each time step, the position
of PEG-dextran phase boundary or isotropic-cholesteric liquid crystal
interface was monitored in the software. The volume fraction of the

corresponding phase at a given timewas normalized by its height with
respect to the height of the suspension.

Polarized optical microscope imaging
For optical microscopic observation, 350 µL of the freshly mixed sus-
pension was filled in the optical quartz cuvettes (1mm path length,
Hellma, Germany). Sealed cuvettes vertically rest to allow phase
separation toward equilibrium. The anisotropy of the suspensions
under equilibrium was verified by an Olympus BX53-P microscope
(Olympus, Japan) in which each phase was imaged by a pair of polar-
izers in a perpendicular arrangement. Particularly, the phase boundary
was captured by a homemademicroscope with a 10× objective lens. In
which, the cuvettes were positioned vertically between two crossed
polarizers, and the incident light penetrated the suspension from right
to left. Temperature control was conducted on Linkam PE120 heating
stage (LinkamScientific Instruments, UK). Evaluation of helical pitch of
the cholesteric phase was conducted in ImagJ with measuring at least
100 points in the corresponding POM images.

Fluorescence microscope imaging
To make the sample fluorescent, 0.01 wt% of FITC-dextran was mixed
into the CNC-PEG-dextran three-component mixture (4–3.75–3.5 and
6–3.75–4.25 (wt%), respectively). The as-prepared dye-labeled mixture
was filled in the glass capillary and sealed by a hot glue. The samples
were vertically equilibrated to allow for multiphase separation under
either 21 or 50 °C. A Zeiss Axio Vert A1 Inverted Microscope (Zeiss,
Germany) with GFP setting was used to track the fluorescence signals.

Small-angle X-ray scattering measurement
Small-angle X-rays scattering (SAXS) experiments were conducted in a
transmission mode of Xeuss 3.0 on Xenocs CuKa x-ray instrument
operated at 50kV and0.6mV. Prior tomeasurements, the suspensions
were filled into borosilicate capillaries with a diameter of 1.5mm and a
10 µm wall thickness (Hilgenberg GmbH, Germany) for several days
until phase separation completed. The sample detector distance was
500mm, and exposure time was 1800 s.

Hydrodynamic radii measurements
The hydrodynamic radii of CNC, PEG and dextran under either 21 or
50 °C was measured using Zetasizer Nano (ZS-90, Malvern Instru-
ments, Worcestershire, UK).

Scanning electron microscope imaging
Cross-section morphology of the CNC-PEG-dextran hybrid composite
were characterized using a Zeiss Ultra Plus high-resolution scanning
electron microscope (HR-SEM) at an accelerating voltage of 3 kV.

Determine the composition of the multicomponent mixture
Due to the fact that the number of particles has a qualitative correla-
tion with the turbidity, the relative CNC particles proportion in each
phase can be estimated by its relative turbidity ratio. To measure the
partitioning of CNC among the phases of the suspension, aliquots of
each phase were carefully pipetted out and diluted to a desired con-
centration. Subsequently, the turbidity of suspensionwasmeasuredby
a UV–Vis spectrophotometer (UV-2550 Shimadzu) at 500 nm62. The
turbidity of initial suspension was set as the reference value
(Turbidityinitial) andTurbidityxwasdefined as the turbidity of the target
phase. The normalized turbidity obtained by the equation of
Turbidityx/Turbidityinitial can present the relative proportion of CNCs
in separated phases.

The size-exclusion chromatography (SEC) experiments were
conducted on each separated phase to determinate relative con-
centration of dextran and PEG. The experiments run in 0.1M NaNO3

with Agilent 1260 Infinity II Multi-Detector GPC/SEC System including
refractive index from light-scattering (two measurement angles: 15°
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and 90°) refractive index, and differential viscometer (VISC). Three
water Ultrahydrogel columns (500Å, 250Å, and 120Å) with a Ultra-
hydrogel guard column were mounted for separation with the flow
rate of 0.5mL/min. the separated phases were diluted 10 times with
0.1M NaNO3 eluted solution and 100 µl polymer solution was injected
to the system. The detectors were calibrated using narrow dispersity
pullulan standard with nominal Mw of 110 kg/mol. Agilent OpenLAB
CDS ChemStation Edition software was used for instrument control
and Agilent GPC/SEC software for data collection and handling.
Refractive index increment of 0.144ml/g was used for and 0.134ml/g
for PEG.

The standard curves for PEG and dextran were established sepa-
rately to calculate the relative quantities of PEG and dextran in each
phase of the CNC-PEG-dextran mixture that equilibrated at different
temperature. The RI peaks area (ARI) were extracted from original
figures by integrating individual RI peaks and plotted with the injected
polymer concentrations. Linear relations (C = k × ARI) see in both PEG
and dextran standard curves over a broad range of concentration from
0.5 to 10mg/mL (Supplementary Fig. 7b). Therefore, the concentra-
tion of PEG and dextran in each individual phase can be calculated
from the equation63:

C =n × k ×ARI ð1Þ

In which, n is the dilution factor, k is 0.0491 for PEG and 0.04025
for dextran, respectively.

Interfacial tension measurements
The surface tension of each phase was measured using a Theta Flex
optical tensiometer (Biolin Scientific, Finland). A 12 µl of pendent drop
squeezed by the device was analyzed at room temperature while a
shield put on top of the sample stage to minimize the influences
caused by the air flow from ventilation. The water-water interfacial
tension between two adjacent phases can be estimated by the Good-
Girifalco equation:64

γ12 = γ1 + γ2 � 2φ
ffiffiffiffiffiffiffiffiffi

γ1γ2
p ð2Þ

Where γ1, γ2 represent the surface tension of the two adjacent phases,
respectively, and φ is the Good’s interaction parameter. Because the
interfacial tension between the PEG-dextran and isotropic-cholesteric
interface is ultralow, here we used φ≈ 1 to fit the condition of γ12 ≪ γ1
or γ2

65.

Mapping the phase diagram of the CNC-PEG-dextran mixtures
The incorporation of CNCs significantly alters the critical concentra-
tion of polymers necessary for LLPS transition and governs transitions
from different phase regions. To begin, the critical composition for
LLPS transition in the four-component mixtures were examined. The
dextran concentration was fixed between 3 and 5wt% (stepwise
0.25wt%), and the PEG concentration was varied to identify the critical
composition for LLPS transition at different CNC concentrations. A
specificquantity ofMilli-Qwaterwas added to ensure a consistent total
mass of 4 g for the four-componentmixtures.Whenoperating at either
21 or 50 °C, the critical points in the binary polymer solution of PEG
and dextran served as the baseline. With the incorporation of 1 wt% of
CNCs, ThePEG concentrationwas then gradually reduced in a stepwise
manner by 0.05wt% from the baseline critical concentration at each
dextran concentration. This process continued until the equilibrated
four-component mixtures no longer exhibited an LLPS transition,
which identified the new critical PEG-dextran composition for LLPS
transition at 1 wt% of CNCs. This methodology was then replicated at
each incremental CNC concentration to determine the corresponding
critical polymer compositions. Notably, the critical concentration of
CNC for LCPS to occur was identified when the cholesteric phase

became apparent in the equilibrated samples (verified between cros-
sed polarizers).

At 50 °C, when the CNC concentration reached 4.5 wt%, inverse-
phase separation phenomenon (a cholesteric phase on top of an
isotropic phase) was observed, occurring at the critical PEG-dextran
compositions for LLPS transition. As the PEG content increased, the
system transitioned froman inverse-phase state to a four-phase state.
To determine the phase boundary separating the inverse-phase from
the four-phase regions, the PEG concentration was systematically
increased (stepwise 0.05%) from the critical PEG concentration at
each specific dextran concentration, until the mixtures displayed
four phases. Finally, gathered data points were processed using the
software MATLAB 2023a to construct a three-dimensional phase
diagram.

Data availability
The data that support the findings of this study are available in the
main text or the supplementary materials, or available from the cor-
responding authors upon request. Source data are provided with
this paper.
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25. Rånby, B. G., Banderet, A. & Sillén, L. G. Aqueous colloidal solutions
of cellulose micelles. Acta Chem. Scand. 3, 649–650 (1949).

26. Chu, G. et al. Structural transition in liquid crystal bubbles gener-
ated from fluidic nanocellulose colloids.Angew.Chem. Int. Ed. 129,
8751–8755 (2017).

27. da Rosa, R. R. et al. Cellulose nanocrystal aqueous colloidal sus-
pensions: evidence of density inversion at the isotropi-liquid crystal
phase transition. Adv. Mater. 34, 2108227 (2022).

28. Dong, X. M., Kimura, T., Revol, J.-F. & Gray, D. G. Effects of ionic
strength on the isotropic-chiral nematic phase transition of sus-
pensions of cellulose crystallites. Langmuir 12, 2076–2082 (1996).

29. Revol, J.-F., Bradford, H., Giasson, J., Marchessault, R. & Gray, D.
Helicoidal self-ordering of cellulose microfibrils in aqueous sus-
pension. Int. J. Biol. Macromol. 14, 170–172 (1992).

30. Wang, P. X., Hamad, W. Y. & MacLachlan, M. J. Liquid crystalline
tactoidal microphases in ferrofluids: spatial positioning and orien-
tation by magnetic field Gradients. Chem 5, 681–692 (2019).

31. Wang, P. X., Hamad, W. Y. & MacLachlan, M. J. Size-selective
exclusion effects of liquid crystalline tactoids on nanoparticles: A
separation method. Angew. Chem. Int. Ed. 57, 3360–3365 (2018).

32. Chen, W. & Gray, D. G. Interfacial tension between isotropic and
anisotropic phases of a suspension of rodlike particles. Langmuir
18, 633–637 (2002).

33. Mao, Y. et al. Phase separation and stack alignment in aqueous
cellulose nanocrystal suspension under weak magnetic field.
Langmuir 34, 8042–8051 (2018).

34. Chao, Y. &Shum,H.C. Emerging aqueous two-phase systems: from
fundamentals of interfaces to biomedical applications. Chem. Soc.
Rev. 49, 114–142 (2020).

35. Helfrich, M. R., Mangeney-Slavin, L. K., Long, M. S., Djoko, K. Y. &
Keating, C. D. Aqueous phase separation in giant vesicles. J. Am.
Chem. Soc. 124, 13374–13375 (2002).

36. Keating, C. D. Aqueous phase separation as a possible route to
compartmentalization of biologicalmolecules.Acc. Chem. Res. 45,
2114–2124 (2012).

37. Albertsson, P.-Å. Partition of cell particles and macromolecules in
polymer two-phase systems. Adv. Protein Chem. 24,
309–341 (1970).

38. Beck-Candanedo, S., Viet, D. & Gray, D. G. Triphase equilibria in
cellulose nanocrystal suspensions containing neutral and charged
macromolecules. Macromolecules 40, 3429–3436 (2007).

39. Diamond, A. D. & Hsu, J. T. Protein partitioning in PEG/dextran
aqueous two-phase systems. AlChE J. 36, 1017–1024 (1990).

40. Helfrich, M. R., El-Kouedi, M., Etherton, M. R. & Keating, C. D. Par-
titioning and assembly of metal particles and their bioconjugates in
aqueous two-phase systems. Langmuir 21, 8478–8486 (2005).

41. Long, M. S., Cans, A.-S. & Keating, C. D. Budding and asymmetric
protein microcompartmentation in giant vesicles containing two
aqueous phases. J. Am. Chem. Soc. 130, 756–762 (2008).

42. Rigoni, C., Beaune, G., Harnist, B., Sohrabi, F. & Timonen, J. V. I.
Ferrofluidic aqueous two-phase system with ultralow interfacial
tension andmicro-pattern formation.Commun.Mater. 3, 26 (2022).

43. Guo, S. et al. All-aqueous bicontinuous structured liquid crystal
emulsion through intraphase trapping of cellulose nanoparticles.
Biomacromolecules 24, 367–376 (2022).

44. Bai, L. et al. All-aqueous liquid crystal nanocellulose emulsionswith
permeable interfacial assembly. ACS Nano 14,
13380–13390 (2020).

45. Sun, Q., Fischer, P., Lutz-Bueno, V., Yuan, Y. & Zhou, J. Polymer
induced liquid crystal phase behavior of cellulose nanocrystal dis-
persions. Nanoscale Adv. 4, 4863–4870 (2022).

46. Ye, X. et al. Depletion interactions in colloid-polymer mixtures.
Phys. Rev. E 54, 6500–6510 (1996).

47. Yang, Y., Barry, E., Dogic, Z. & Hagan, M. F. Self-assembly of 2D
membranes from mixtures of hard rods and depleting polymers.
Soft Matter 8, 707–714 (2012).

48. Gibaud, T. et al. Reconfigurable self-assembly through chiral con-
trol of interfacial tension. Nature 481, 348–351 (2012).

49. Barry, E. &Dogic, Z. Entropydriven self-assembly of nonamphiphilic
colloidal membranes. Proc. Natl Acad. Sci. USA 107,
10348–10353 (2010).

50. Peters, V. F., Tuinier, R. & Vis, M. Phase stability of colloidal spheres
mixed with semiflexible supramolecular polymers. J. Colloid Inter-
face Sci. 608, 644–651 (2022).

51. Tromp, R. & Blokhuis, E. Tension, rigidity, and preferential curvature
of interfaces between coexisting polymer solutions. Macro-
molecules 46, 3639–3647 (2013).

52. Almohammadi, H., Khadem, S. A., Bagnani, M., Rey, A. D. & Mez-
zenga, R. Shape and structural relaxation of colloidal tactoids. Nat.
Commun. 13, 2778 (2022).

53. Tanaka, H. Viscoelastic phase separation. J. Phys.: Condens. Matter
12, R207–R264 (2000).

54. Asenjo, J., Mistry, S., Andrews, B. & Merchuk, J. Phase separation
rates of aqueous two-phase systems: Correlation with system
properties. Biotechnol. Bioeng. 79, 217–223 (2002).

55. Robins,M.M. Emulsions - creamingphenomena.Curr.Opin. Colloid
Interface Sci. 5, 265–272 (2000).

56. Nastishin, Y. A. et al. Optical characterization of the nematic lyo-
tropic chromonic liquid crystals: Light absorption, birefringence,
and scalar order parameter. Phys. Rev. E 72, 041711 (2005).

57. Minton, A. P. Simple calculation of phase diagrams for liquid–liquid
phase separation in solutions of two macromolecular solute spe-
cies. J. Phys. Chem. B 124, 2363–2370 (2020).

58. Chu, G. et al. Printing flowers? Custom-tailored photonic cellulose
films with engineered surface topography. Matter 1,
988–1000 (2019).

59. Chu, G. et al. Self-assembled nanorods and microspheres for
functional photonics: retroreflector meets microlens array. Adv.
Opt. Mater. 9, 2002258 (2021).

60. Dumanli, A. G. M. et al. Digital color in cellulose nanocrystal films.
ACS Appl. Mater. Interfaces 6, 12302–12306 (2014).

61. Yao, K., Meng, Q., Bulone, V. & Zhou, Q. Flexible and responsive
chiral nematic cellulose nanocrystal/poly (ethylene glycol) com-
posite films with uniform and tunable structural color. Adv. Mater.
29, 1701323 (2017).

Article https://doi.org/10.1038/s41467-023-41054-7

Nature Communications |         (2023) 14:5277 13



62. Kan, K. H., Li, J., Wijesekera, K. & Cranston, E. D. Polymer-grafted
cellulose nanocrystals as pH-responsive reversible flocculants.
Biomacromolecules 14, 3130–3139 (2013).

63. Zhao, Z. et al. Molar mass fractionation in aqueous two-phase
polymer solutions of dextran and poly (ethylene glycol). J. Chro-
matogr. A 1452, 107–115 (2016).

64. Good, R. J. & Elbing, E. Generalization of theory for estimation of
interfacial energies. Ind. Eng. Chem. 62, 54–78 (1970).

65. Makkonen, L. & Kurkela, J. Another look at the interfacial interaction
parameter. J. Colloid Interface Sci. 529, 243–246 (2018).

Acknowledgements
G.C. acknowledges the financial support from the Novo Nordisk
Foundation (NNF20OC0064350). O.J.R. and G.C. acknowledge the
financial support from the Canada Excellence Research Chair initia-
tive (CERC-2018-00006), the European Research Council under the
European Union’s Horizon 2020 research and innovation program
(ERC Advanced grant No. 788489, “BioElCell”), and the Canada
Foundation for Innovation (Project number: 38623). Han acknowl-
edges financial support from China Scholarship Council (CSC No.
202006950015) and Academy of Finland (Nos. 318890 and 318891,
Competence Centre for Materials Bioeconomy, FinnCERES). Han
acknowledges the provision of facilities and technical support by
Aalto University at OtaNano-Nanomicroscopy Center (Aalto-NMC)
and the assistance of Dr. Wenwen Fang for viscosity measurements.
Sincere gratitude goes to Dr. Daniel de las Heras and Tobias Eckert for
valuable discussion.

Author contributions
H.T. prepared aqueous CNC-PEG-dextran mixtures and carried out the
experimental measurements and data analysis. C.R., H.L., J.Z., A.K. and
J.T.: data curation. O.J.R. and E.K.: funding acquisition, writing and
review. G.C. designed and led the project, funding acquisition, formal
analysis, writing and review. The manuscript was written through con-
tributions of all authors. All authors have given approval to the final
version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41054-7.

Correspondence and requests for materials should be addressed to
Eero Kontturi, Orlando J. Rojas or Guang Chu.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work.
A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023, corrected publication 2023

Article https://doi.org/10.1038/s41467-023-41054-7

Nature Communications |         (2023) 14:5277 14

https://doi.org/10.1038/s41467-023-41054-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Thermodynamically controlled multiphase separation of heterogeneous liquid crystal colloids
	Results
	Discussion
	Methods
	Materials and chemical reagents
	Preparation of CNC liquid crystalline suspension
	Preparation of CNC-PEG-dextran heterogeneous liquid crystal colloids
	Preparation of CNC-PEG-dextran hybrid composite film
	Morphology characterization of CNC
	Anisotropic volume fraction and time-dependent phase separation analysis
	Polarized optical microscope imaging
	Fluorescence microscope imaging
	Small-angle X-ray scattering measurement
	Hydrodynamic radii measurements
	Scanning electron microscope imaging
	Determine the composition of the multicomponent mixture
	Interfacial tension measurements
	Mapping the phase diagram of the CNC-PEG-dextran mixtures

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




