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Liquid-liquid phase separation (LLPS) of biopolymers has recently been shown to
play a central role in the formation of membraneless organelles with a multitude of
biological functions' . The interplay between LLPS and macromolecular condensation
is part of continuing studies*’. Synthetic supramolecular polymers are the non-
covalent equivalent of macromolecules but they are not reported to undergo LLPS
yet. Here we show that continuously growing fibrils, obtained from supramolecular
polymerizations of synthetic components, are responsible for phase separation into
highly anisotropic aqueous liquid droplets (tactoids) by means of an entropy-driven
pathway. The crowding environment, regulated by dextran concentration, affects

not only the kinetics of supramolecular polymerizations but also the properties of
LLPS, including phase-separation kinetics, morphology, internal order, fluidity and
mechanical properties of the final tactoids. In addition, substrate-liquid and liquid-
liquid interfaces proved capable of accelerating LLPS of supramolecular polymers,
allowing the generation of amyriad of three-dimensional-ordered structures, including
highly ordered arrays of micrometre-long tactoids at surfaces. The generality and many
possibilities of supramolecular polymerizations to control emerging morphologies
are demonstrated with several supramolecular polymers, opening up a new field of
matter ranging from highly structured aqueous solutions by means of stabilized LLPS

to nanoscopic soft matter.

Supramolecular polymers are known to form homogeneous solutions
and gels under dilute and concentrated conditions, respectively, or
precipitate if they are not sufficiently soluble in the solvent used®”.
By contrast, macromolecules can also undergo liquid-liquid phase
separation (LLPS) and form inhomogeneous solutions with spherical
droplets® ™. Condensations of biomacromolecules can lead to LLPS;
however, the formation of droplets can also cause further condensa-
tions or aggregations of biomacromolecules*. Although there are
reports of LLPS of small organic molecules preceding the formation
of supramolecular polymers or crystals, synthetic supramolecular
polymers undergoing LLPS has not been reported yet'>®. This is even
more surprising given the similarities of supramolecular polymers to
biological fibrils and their enormous potential for biomedical applica-
tions, either as solid materials or as drug-assembled nanostructures and
biofunctional hydrogels** ™, Biofilaments such as actin, amyloid fibrils,
microtubules, collagen and nanocellulose can formstructured liquids
or liquid crystals in vitro®%. According to Onsager’s theory, phase
separation and spontaneous ordering of rod-like colloids are largely
driven by maximization of the translational entropy at high concentra-
tions?. This theory is beautifully adopted in the liquid crystal field to

explain the internal ordering of liquid crystalline phases?. Macromo-
lecular crowders have been reported to be promotional in the phase
separation of colloids and proteins and in the formation of coacervates
and biomolecular condensates through volume exclusion effect?32,
Recently it has also been shown that macromolecular crowders could
influence the supramolecular polymerization process® .

By studying the supramolecular polymerization of 1 wt% of urei-
dopyrimidinone glycine (UPy-Gly) in an aqueous solution, with a
small fraction of the dye UPy-CyS5 (less than 0.1 mol%), we observed
the overnight transition from ahomogeneous solution to a heteroge-
neous LLPS solution with confocal laser scanning microscopy (CLSM)
(Fig.1a-cand Extended Data Fig. 1). This coexistence of concentrated
and diluted liquid regions inthe aqueous solution reminded us of mac-
romolecular solutions undergoing LLPS. Even more striking was that
the shape of the droplets was not spherical but spindle-like, reminiscent
of the tactoids formed by biofilaments'?. Inspired by the crowding
effect, we introduced dextran as a macromolecular crowder into the
UPy-Gly solution to tune both the supramolecular polymerization and
phase-separation behaviour (Fig. 1e). The coupling of supramolecular
polymerization and phase separation eventually led to dynamic, highly
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Fig.1|LLPS of supramolecular polymers through the entropy-driven
pathway. a, Chemical structures of UPy-Gly, UPy-Cy5 and dextran (MW =

500 kDa), and schematic representations of UPy-Gly and its supramolecular
polymer.b,Schemes for the spontaneous phase separation of UPy-Gly
supramolecular polymersinto tactoids over time with the association

and elongation of supramolecular polymer rods. ¢, The transition from
homogeneoussolutiontoliquid-liquid phase-separated solution followed by
the growth of tactoids over time tracked by CLSM. The UPy-Gly (1 wt%, 8.4 mM)

ordered, three-dimensional (3D) structures up to millimetre or even
centimetre scale (Fig. 4 and Extended Data Fig. 6).

Driving forces for LLPS

We observed the tactoids by coincidence while studying adiluted solu-
tion of water-soluble supramolecular polymers that are afew days old.
Previous studies showed that UPy dimerization and stacking of the
units result in the formation of isolated, semirigid supramolecular
polymers immediately after preparing the solution, as observed by
cryogenic transmission electron microscopy (cryoTEM). This early
observation oftactoids started a detailed study on the phase behaviour
ofthese one-dimensional polymers. The change in structure and mor-
phology over time of fresh solutions of UPy-Gly (1wt%, pH=7.6 + 0.2,
phosphate-buffered saline (PBS) x 0.25 with 0.02 mol% of UPy-Cy5)
were first studied by atomic force microscopy (AFM) and CLSM.
We observe that fibrils are formed, which grow significantly longer
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supramolecular polymers were labelled with 0.02 mol% of UPy-CyS5, PBS x 0.25,
pH=7.6.d, Thelength distributions of fibrils tracked by AFM show fibril
growth and more heterogeneous populations over time. e, LLPS of UPy-Gly
supramolecular polymers (top, labelled by UPy-Cy5) could be promoted by the
volume exclusion effect of dextran (1.5 wt%, middle, labelled by 0.08 mol% of
dextran-FITC). The bottom graph shows the partitioning of UPy-Gly and dextran
inthetwo phases.Scalebars,20 pm (e), 50 pm (c).

over time before tactoids appear (from 0.5+ 0.2pmto 1.7 + 1.1 pm
in 8 h; Fig. 1d and Extended Data Fig. 2a). The hydrodynamic radius,
R,,, obtained from dynamic light scattering (DLS) in the dilute fibril
solution, increases with time. The R, values along with the radius of
gyration, R,, conform to semirigid chains with a persistent length of
the order of 100 nm (Extended Data Fig. 3c,e,f and Supplementary
equation (14))*. Even when LLPS occurs, the fibrils continue to grow
(Fig.1d and Extended DataFig. 2). When we fragment the long fibrilsin
the aged, phase-separated solution into short fibrils (0.15 £ 0.05 pm)
using dual asymmetric centrifugation, the solution becomes homo-
geneous again. In this case the phase separation reappears only 7 days
later owing to the drastically reduced growth rate of aged fibrils (Sup-
plementary Fig. 1). Thus, a critical length of supramolecular fibrils is
required before macroscopic LLPS is observed.

Tounderstand the origin of the tactoids formed by LLPS of supramo-
lecular polymers, we analysed the chemical and geometrical properties
of the UPy-Gly polymers, as the free energy change during LLPS is



1.0%

Faster phase separation

b d
121 m 18-20h ’ 0.298 nm" 0.349 nm" 10.0
= 0% YY)
11] m 48-521 . 1.0 0.5% N \ oo Di  Dextran 0%
101 2 = 1.0% 101 e ——1.0%
o 9] < 0.8- = 1.5% f\ 20% ~ -
2 8] 2 2.0% _ P 104 & Dextran 0.5%
= = 102 €L
g Z' 8 06 . 10 £
o ] K] - = a
< 51 IS 3 3 Dextran 0%
4] 5 0.4+ 10
z 0.1
34
2] 0.24 104 Dextran 0.5%
1 T T T T T T T . T T v '
0 05 1.0 1.5 400 500 0.1 0 10 . 20 . 30 40
¢ Dextran concentration (wt%) 6 (degree) 9 ime (h)
e
o 0.8+ I Bipolar
= 0% NS 74 ok
0.30% | ——— —_
- = 0.50% 0.71 — =6l
S l 0.75% 06 g
3 11.00% o 0.6 - =]
g10 l } 150% & Hhk g 5 NS
g | = ‘ £ 05 c 3 4 180
(3] c - J_ ° :
et i o s} = Homogeneous §
g TRl goe BT
5 i ® 0.3 2 2]
o = ﬁﬂ'% 3
B . 0.24 @ > 14
Bl b 01— . . . . 0+ . . .
0 2 4 6 8 10 12 14 16 18 0 05 10 15 20 10 15 2.0

Time (h) Dextran concentration (wt%)

Fig.2|Controlling the LLPS of UPy-Gly supramolecular polymers with
dextran concentration. a, Variations in the morphology and the number
density of tactoids as afunction of dextran concentration. The UPy-Gly

(1wt%, 8.4 mM) supramolecular polymers were labelled with UPy-CyS5.

b, Changeinthelongaxistoshortaxisratio (aspect ratio) asafunction of
dextran concentration and time (n =3-19). ¢, Change in the phase separation
states and kinetics as afunction of dextran concentration (n = 6-26) tracked by
the fluorescence intensity of UPy-Cy5 using CLSM. d, Plot of the normalized
fluorescence intensities as afunction of the angle of the polarized excited
beam for 2-day-old solutions with different dextran concentrations. Solid lines
arethefits tothe dataasexplainedinthe Supplementary Information. e, Plot of
thefibrilalignment factors for 2-day-old solutions with different dextran
concentrations (n =12-18). The UPy-Gly (1 wt%, 8.4 mM) supramolecular

controlled not only by the solvent-solute interactions, but also by the
size and shape of the solutes®'%%, The partially exposed hydrophobic
groups and the amphiphilic nature of the end groups allow continu-
ous elongation and relatively weak parallel association of the UPy-Gly
polymers (Fig.1a). At the same time, the negative zeta potential exerted
by the ureidopyrimidinone functional group is modulated by pH and
salt concentration to partially counteract these associative interactions
(Supplementary Fig. 4). Geometrically speaking, the supramolecular
polymers are rod-like, and their size and aspect ratio increase with
time owingto the longitudinal supramolecular polymerizations. This
suggests that the UPy-Gly polymers have weak repulsive interactions
with water and the elongation of fibrils causes the transition of the
solution froma stable to ametastable state, in which phase separation
occurs by means of the nucleation-growth pathway instead of spinodal
decomposition (Extended Data Figs. 1 and 4; for more discussions,
see Supplementary Information). The spontaneous ordering within
the tactoids should be a result of maximized translational entropy at
the cost of rotational entropy of the high-aspect-ratio fibrils according
to Onsager’s theory®. A study on the temperature effect shows that

Dextran concentration (wt%)

polymerswerelabelled with 1.8 uM of UPy-Cy5 (0.02 mol% of UPy-Gly). f, SAXS
profiles showing theimpact of dextran concentration on the packing of the
fibrils.g, Change in the Young’s modulus of the 8-day-old tactoids at different
dextran concentrations measured with AFM (n =10-14). h, Fibril self-diffusion
constant, D, and cooperative diffusion constant, D;, after 3or 4 hwith O wt%
(black) and 0.5 wt% (blue) of dextran, extracted from DLS. The areas define
dilute (green), semidilute (white) and LLPS (yellow) with increasing time.

i, POLCAM fluorescenceimages of tactoids in the presence of O wt% (top) and
2wt% (bottom) of dextran. Both samples are1day old. The colour bar onthe
right represents thelinear polarization angle (unit: degree) of the emission of
UPy-Cy5 againstanarbitrary 0° directionin thex-y plane. Scalebars, 50 pm.
NS, not statistically significant; ***P < 0.01.

the phase separation is faster and results in smaller tactoids at higher
temperature, suggesting that LLPS behaviour is entropically favourable
(Supplementary Figs. 15 and 16).

Crowding effect on LLPS

As the concentration of UPy-Gly is rather low (1 wt%), we introduced
dextran (MW = 500 kDa) as the macromolecular crowder into the
UPy-Gly solution to accelerate the phase-separation process. Add-
ing crowders leads to the synergistic acceleration of the fibril elon-
gation, as well as to the formation of tactoids (Extended Data Figs. 2
and 3). Our initial focus was on the morphology of tactoids. We used
UPy-CyS5 or Nile red to follow the process: Nile red would colour the
hydrophobic domains and UPy-CyS5 is co-assembled into the fibrils.
Byincreasing the concentration of dextran, the LLPS process becomes
faster,and the tactoids formed are smallerinsize, thinnerin shapeand,
asaresult, moredense andrigid (Fig.2a). Quantification of the aspect
ratioas afunction of the dextran concentration (0-1.5 wt%) resultsina
bell-shaped curve that reaches a maximum at approximately 0.9 wt%
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Fig.3 | Time evolution of the fluidity and internal ordering of the tactoids
and geometry change of supramolecular polymers. a, Spontaneous fusion
oftwotactoidsin20s. Theimages were taken for the solution with1wt%

(8.4 mM) of UPy-Gly, 2 wt% (0.04 mM) of dextran and 1.8 pM of UPy-Cy5, at
pH=7.6,PBS x0.25at t=1h. Thisis the default solution conditionif not
otherwise specified. b, Typicalimages for the FRAP experiment representing
that the solutions (0.5 wt% of dextran) before and after phase separation were
bleached (left) and reached a high percentage of recovery afterwards (right).
¢, The FRAP curves for the solution with 0.5 wt% of dextran at different ageing
times. d, Plot of the diffusion constants extracted fromthe recovery curves at
different ageing times for solutions with different dextran concentrations

(O wt%,0.5wt%,1wt%,1.5wt%and 2 wt%). e, The change of the Young’s
modulus of the tactoids over time (2 wt% of dextran, two-sample t-tests were

of dextran (Fig. 2b). At 3 wt% of dextran and above, the tactoids look
more like long filaments/bundles (for discussions, see Supplementary
Information). Notably, aspect ratios of tactoids at 0.75-1.5 wt% of dex-
tranincreased by 30-70% fromtime¢t=19 £+ 1hto 50 + 2 h.For tactoids
formed by amyloid fibrils, by contrast, the aspect ratio was reported
todecrease over time because of the increasing volume of droplets. In
the meantime, the aspect ratio wasincreased when the initial amyloid
fibril length was longer®. Therefore, we propose that the increase in
the aspect ratio of UPy-Gly tactoids over time, despite the increase of
volume, can be attributed to the further elongation of fibrils as the
result of supramolecular polymerizations. AFM experiments showed
that thefibrils grew inlength by five to tentimesin 3 days and that the
fibrils with 0.5 wt% of dextran were 30-70% longer than those without
dextran (Extended DataFig. 2). The hypothesisis further supported by
theincrease of R,and R;, extracted fromstatic light scattering (SLS) and
DLS, inthe beginning, and the decrease of fibril self-diffusion constant,
D, over alonger period (Fig. 2h and Extended Data Fig. 3). The strong
decrease of D,uptoabout10 hisduetotheincrease of both fibril length
and solution viscosity.

By tracking the concentration ratios of UPy-Cy5 inside and out-
side the droplets (the partition coefficient), we could follow the
phase-separation processinreal time (Fig. 2c). Theincubation period
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conducted, n=10-14; theempty squarein the box plot represents the mean).
f,Representative images of the solution (0 wt% of dextran, t = 0 day) or tactoids
(1wt% of dextran, t =1day and 1 month) at different times. g, Representative
curvesofthe fluorescenceintensitiesin the circularareas of samplesindicated
infatt=0and1dayunderlinearly polarized excitation with polarization angle
6.h, The time evolution of the extent of fibril alignment extracted from the
polarized fluorescence microscopy curvesinFig.3g and SupplementaryFig.12
(1wt% of dextran, n=5-14).i, SAXS profiles showing the regular distance
between fibrilsand more compact packing over time (2 wt% of dextran).
j,Diameters and lengths of UPy-Gly fibrils from the cryoTEM and AFM images
showing theincrease of fibril width and length over time (0.5 wt% of dextran)
(n=51-194).Scalebars, 5 um (a), 10 pm (b,f). *P< 0.1, **P< 0.05, ***P < 0.01.

was significantly shortened with increased dextran concentrations,
whichislikely to be the result of faster supramolecular polymerizations,
shorter critical fibril length and/or accelerated nucleation of LLPS. The
elevated plateaus of the concentration ratios suggest stronger phase
separations with more crowders. The transition to the phase-separated
state canalso be detected by the slow diffusion of tactoids in the dilute
phase, D, using DLS (Supplementary Fig. 9).In conclusion, increasing
crowder concentration accelerates phase separation; this separation
increases the concentration of supramolecular polymers in the con-
centrated phases, which in turn promotes fibril elongation, akind of
autocatalytic effect. This conclusion also makes the question as to
whether LLPS induces protein associations and/or whether associative
interactions between biomacromolecules are required for LLPS less
relevant,as both occur at the same time.

To understand and quantify the internal order of the tactoids, we
conducted polarized fluorescence microscopy experiments. The fluo-
rescenceintensities of the tactoids were shown to be strongly depend-
entontheangle of the linearly polarized excitation beam witha period
of 180°, which is typical of axially aligned fibrils (Fig. 2d and Supple-
mentary Fig. 8). In the normalized intensity plot, the amplitude of the
sinusoidal curves increases with the dextran concentration (Fig. 2d).
The extent of alignment obtained by fitting the sinusoidal curves
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demonstrates that the fibrils are better aligned with the increase of
dextran concentrationsinanarrow range (Fig. 2e and Supplementary
Fig.8),infullagreement with theincreased aspect ratio of the tactoids.
To cross-check, we also used small-angle X-ray scattering (SAXS) to
characterize the UPy-Gly solution. It showed the regular packing and
enhanced order of individual fibrils with sharp peaks and increased
peak intensities at higher dextran concentrations. The drifted peak
positionfrom 0.30 nm™to 0.35 nm™ corresponds to aninterfibril dis-
tance change from 21 nmto 18 nm, confirming more compact packing
at a higher dextran concentration (Fig. 2f). This finding implies an
increased internal viscosity, as alsoinferred from D, in Fig. 2h. The peak
near 0.62 nm™indicates hexagonal packing of the fibrils. The in situ AFM
force measurements of the 8-day-old samples showed that the Young’s
modulus of tactoids increased with the dextran concentration from
2.2+ 0.8 kPa (1 wt%of dextran) to 3.5 + 1.3 kPa (2 wt% of dextran), which
may be a result of the more compact distributions of fibrils (Fig. 2g
and Supplementary Fig. 5). The instant molecular orientation micros-
copy based onapolarization-sensitive camera (POLCAM) showed the
liquid crystalline state of the tactoids (Fig. 2i)*. At 0 wt% of dextran,
the tactoids are bipolar, whereby fibrils on the edge are tangentially
anchored. Inthe presence of dextran (0.5-2 wt%), most tactoids transi-
tionto the more ordered ‘homogeneous’ configurationin which most
fibrils are aligned with the long axis of the tactoids (Figs. 2i and 3fand
Supplementary Fig.10)*.

Besides, the crowding effect can be achieved by other macromol-
ecules. The negatively charged alginate also promotes LLPS of UPy-Gly
supramolecular polymers. Tactoids with similar morphology are
formed with even lower concentrations (less than 1 wt%) of alginate
because the negative charge in alginate can increase its excluded
volume through both intramolecular and intermolecular repulsive
interactions (Supplementary Fig. 3).

Time evolution of LLPS

To confirm the liquid nature of the tactoids formed by the phase-
separated UPy-Gly supramolecular polymers, we examined the
tactoids with CLSM and AFM using different amounts of dextran.

~

0 2 4 6 8 10 12 14 16
Time (day)

t=14days. Thebottomleftis the plot of the height of the tactoids as a function
oftime (n=10-36). The unit of the xyzaxisis micrometres. The UPy-Gly

(1wt%, 8.4 mM) supramolecular polymers were labelled with 1.8 pM of UPy-Cy5
(0.02 mol% of UPy-Gly). All experiments have been replicated at least two to
three times.Scalebars, 50 pm.

The fresh tactoids, using 2 wt% of dextran, fused together in 20 s
on contact, demonstrating the fluid nature of the tactoids (1 wt% or
8.4 mM of UPy-Gly, t =1h; Fig. 3a). High percentages of fluorescence
recovery within 1 min after photobleaching (FRAP) of the UPy-Cy5
were observed but the percentages of recovery decreased over a few
days (Fig. 3b,c). The apparent diffusion constants (D,,,,, Fig. 3d and
Supplementary Fig.11) obtained by fitting the recovery curves, are on
the same order as the self-diffusion constants of fibrils (D,) obtained
from DLS (Fig. 2h), indicating that the fluorescence recovery should
have been realized by the diffusion of fibrils. D,,, showed exponential
decay over time, the rate of which increases with the dextran concen-
tration. This could be due to accelerated fibril elongation with more
crowders and the increase of the internal viscosity of tactoids (Fig. 3d
and Extended DataFig. 3). The in situ AFM force curve measurements
showed continuously increasing Young’s modulus in 2 days (from
1.4 +0.5kPato3.2+1.0 kPa, 2 wt% of dextran), whichis comparable to
the mechanical strength of the cytoplasm (Fig. 3e and Supplementary
Fig.5)*.

To understand the change in the internal order of the tactoids, we
tracked the UPy-Gly solution containing 1 wt% of dextran over time.
The fluorescence intensity of the UPy-Cy5 from the homogeneous
solution was barely responsive to the angle of the linearly polarized
excitationbeam other than some slight decay due to photobleaching
(Fig. 3f,g). However, on phase separation, the fluorescence from the
tactoids started to depend on excitation polarization with a period of
180°, indicating increasing internal alignment (Fig. 3f,g). By fitting the
sinusoidal curves, aten-fold increase in the extent of alignment within
thetactoids was shown over 2 days (Fig. 3hand Supplementary Fig.12).

Toinvestigate the origin of changesin theliquid state and the inter-
nal order of the tactoids, we zoomed in on the individual fibrils. With
cryoTEM and AFM, we observed that the fibrils became both thicker
(from2.8+0.7nmt04.9 +1.7 nm, 0.5 wt% of dextran) and longer (from
0.4+0.2pmto 5.2 £2.3 um, 0.5 wt% of dextran) in 3 days, revealing
continuous supramolecular polymerizations coupled with LLPS (Fig. 3j,
Extended Data Fig. 2 and Supplementary Fig. 2). An extreme case of
the extended, bundled structures can be observed in the 1-month-old
tactoids with CLSM (1 wt% of dextran; Fig. 3f and Supplementary Fig.13).
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The increase in peak intensities and change in peak positions (from
0.33 nm™t00.35 nm™) shown by SAXS further consolidated the forma-
tion of more regularly and compactly distributed fibrils over time (2 wt%
of dextran; Fig. 3i). The change in fibril dimensions and the interfibril
spacing within the tactoids could explain the decreased diffusionrate
and more rigid nature over time. The improved alignment could be
attributed to the entropic effect after the elongation of fibrils.

The effect of substrate-liquid interfaces

LLPS of UPy-Gly supramolecular polymers at the substrate-liquid
interface occurred several minutes to several hours/days earlier (in a
narrowly confined space) thanin the bulk solution containing adextran
concentration of 0.5 wt% or lower. This is consistent with the report
that the substrate can nucleate new liquid phases or states* . With
1.5 wt% or higher concentrations of dextran, the nucleation effect of
theinterface wasless pronounced, and the phase separation happened
almost simultaneously at the substrate-liquid interface and in the
solution. More strikingly, highly ordered arrays of vertical tactoids
were obtained at the substrate-liquid interface, compared with the
less oriented tactoids in the solution (0.5-2.0 wt% of dextran; Fig. 4,
Extended DataFig.5and Supplementary Video1). Large areas (millime-
treto centimetre indiameter) of the substrate were found to be covered
with vertical tactoids that look circular on the x-y plane (0.5 wt% of
dextran; Extended DataFig. 6). The tactoids rooting on the substrates

1016 | Nature | Vol 626 | 29 February 2024

2h 15h 26 h 40h 63 h

pH=9,
PBS x 0.25

pH=9,
PBS x 0.44

pH=74,
PBS x 0.44

pH=6,
PBS x 0.44

pH = 4.6,
PBS x 0.19

pH = 4.6,
PBS x 0.75

pH =6,
PBS x 0.6

the phase separation and ageing of the BTA-Glc supramolecular polymers.

The hairy ball-like BTA-Glc cage (Nilered, green) could encapsulate the dextran
dropletsinside and release the droplets under pressure. Solution composition:
0.22wt% (1.5 mM) of BTA-Glc, 0.18 wt% (0.34 mM) of DPEG, 8 wt% of PEG and
2wt%of dextran, t =3 or 4 days. Allexperiments have beenreplicated at least
twoto threetimes. Scale bars, (left to right) 50,10, 10, 50,200 and 50 pum (a), 50,
20,50and 20 pm (b), 50,20,20 and 50 um (c), 50,20 and 20 pum (d).

could slowly tilt/diffuse and merge with their neighbours, generat-
ing larger tactoids. The height of the tactoids was found to increase
almost linearly in 14 days (0.5 wt% of dextran; Figs. 3d and 4b). On the
other hand, real-time tracking of areas, tens of micrometres above the
substrate, revealed that some flat tactoids in the solution were able
to slowly flip and quickly merge with one or several vertical tactoids,
increasing the overall orderin the zdirection of the bulk solution (1 wt%
of dextran; Supplementary Video 2 and Extended DataFig. 7). Note that
the fusion of tactoidsis fast in the beginning and gradually slows down
during ageing, which cangiverise to trapped fusion statesin transition
(Supplementary Fig. 19). When the solution was confined between
two substrates, two layers of vertical tactoids could be formed, both
nucleated from their own surfaces (0.5 wt% of dextran; Fig. 4b and
Extended DataFig. 8). Moreover, the density of the tactoids seemed to
increase with dextran concentration. At relatively low concentrations
of dextran (less than or equal to 1 wt%), the tactoids generated from
the solution were able to float, generating multilayered structures
(Supplementary Video 1and Extended Data Fig. 5b). At higher con-
centrations of dextran (1.5-2.0 wt%), the tactoids formed in the bulk
solution would sink to the bottom because of gravity, leaving an almost
perfectly aligned top layer, an empty middle layer and a less ordered
bottom layer mixed with vertical tactoids and flat ones falling from
the bulk solution (Fig. 4a, Supplementary Fig. 14 and Extended Data
Fig. 5¢,d). Several reasons can be given for the vertical alignment of
tactoidsonthesubstrates, including the nucleation of the metastable



solution at the substrate-liquid interface overruling fibril-substrate
interactions and sample flow while mounting the glass substrate** 5,

The effect of liquid-liquid interfaces

Because biopolymer fibrils stabilize dropletsincells, it canbe intuitively
assumed that the accelerated LLPS, presented above, could also be
extendedtotheseliquid-liquid interfaces to preferentially formthese
orderedstructures around droplets*. To test thisidea, we constructed
the liquid-liquid interface with the well-known polyethylene glycol
(PEG)-dextran aqueous two-phase system, where dextran droplets
can be generated in the continuous phase of PEG (Supplementary
Fig. 20)°*%1. On mixing the supramolecular polymers of UPy-Gly with
the PEG-dextransolution, the fibrils partitioned preferentially to the
PEG phase asitis chemically more like PEG (Fig. 5a and Extended Data
Fig.10b). When the dextran droplets are removed by centrifugation,
the supramolecular polymers phase-separate into tactoids (Supple-
mentary Fig. 23). In the presence of dextran droplets, crown-shaped
UPy-Gly supramolecular polymer condensates (tactoids distorted
by the circular interface) are first initiated at the droplet interface,
precedent to LLPS in the bulk solution of the PEG-rich phase (Fig. 5a
and Supplementary Video 3). Subsequently, gradually aligned bun-
dles formed within the supramolecular polymer condensates, even-
tually generating a network that stabilized the droplets (Fig. 5a,b).
pH and salt concentrations can change the bundling state of UPy-Gly
supramolecular polymers and the morphology of tactoids probably
because of theirinfluence onthe zeta potential of the supramolecular
polymers (Supplementary Figs.1,17,18,21and 22). As aresult, they can
alsoinfluence the supramolecular polymer networks. By varying pHand
salt concentrations, continuous or discrete supramolecular polymer
networks could be generated that can either support or deform the
dextran droplets (Fig. 5b; for more discussions, see Supplementary
Information).

Accordingtothe Flory-Huggins theory, LLPS should be ageneral phe-
nomenon for different supramolecular polymer systems given appro-
priate solvent conditions, concentrations and chainlength. To verify this
hypothesis, we tested UPy-COOH and benzene-1,3,5-tricarboxamide
(BTA)-EG, inthe aqueous solution and found that both could forminto
tactoids (Extended DataFig. 9; see also discussionsin Supplementary
Information). To further validate this idea, we loaded both molecules
to the PEG-dextran solution. The behaviour of UPy-COOH was gener-
ally similar to that of UPy-Gly, except for its response to pH and salt
concentrations (Fig. 5c and Supplementary Figs. 4b and 24). BTA-EG,,
failed to stabilize the dextran droplets asit aggregated strongly in the
PEG phase and could not attach to the dextran droplets. BTA-Glc, onthe
otherhand, could interact with dextran through the glucose functional
group and tended to condense at the interface of the droplets (Fig. 5d
and Extended Data Fig. 10c). The surfactant, dodecyl PEG (DPEG),
was used to break down the heavily entangled network of BTA-Glc to
enhance its solubility and mobility in the PEG phase. The condensed
supramolecular polymers of BTA-Glc then transformed into bundles
and extended to the PEG phase, forming into hairy ball-like structures
withdroplets encapsulatedinside (Supplementary Video 4 and Fig. 5d).
By pushing the droplets with the weight of the coverslip, the droplets
werereleased, leaving most parts of the BTA-Glc cagesintact (Fig. 5d).

Discussion

We have developed anew way to produce highly ordered liquid tactoids
with micrometre dimensions. The formation is based on a spontane-
ous LLPS behaviour of high-aspect-ratio fibrils, which is supposed to
be a general phenomenon for various rod-like supramolecular poly-
mers based on phase-separation theory. The process starts with the
growth of supramolecular polymers and fibril elongation, followed
by anentropy-driven phase separation to one ordered aqueous phase

in a continuous aqueous solution with a low concentration of fibrils.
The exact nature of the highly structured aqueous phase isintriguing
andrequires more investigation. Over time, the tactoids become more
rigid. The rigidifying rate and extent increase with the concentration
of crowders. Ordered arrays of structures over multi-length scales
could be achieved in liquids by controlling LLPS and supramolecular
polymerizations with solution conditions (pH and salt concentration),
crowding effects and heterogeneous nucleation at theinterface withthe
substrate. In addition, the dynamic behaviour caused by the liquidity
of the new phase and the non-covalent nature of the intermolecular
interactions makes it responsive to the actively evolving chemical sys-
tem and the interactive environment. With tunable kinetics, dynamics,
internal order, morphology and mechanics and many possibilities
to combine different functional groups, we propose LLPS of supra-
molecular polymers as a general way to produce biomaterials that
are applicable in the biological, medical and pharmaceutical fields
by serving as the active interface with cells and tissues. Besides, the
notable observation of LLPS of supramolecular polymers qualifies
them as a new and amplified analogue to the low molecular weight
liquid crystals and gives important insights into understanding the
liquid crystal self-assembly. Moreover, the simplicity of the synthetic
systems together with a high chemical diversity to modify the behaviour
of LLPS make it an attractive model to explain many of the intriguing
challenges of biological equivalents. The introduction of chiral and
stimuli-responsive supramolecular polymers is notable and is part of
further detailed studies.

Online content

Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-024-07034-7.

1. Shin, Y. & Brangwynne, C. P. Liquid phase condensation in cell physiology and disease.
Science 357, 1253-1264 (2017).

2. Brangwynne, C.P. et al. Germline P granules are liquid droplets that localize by controlled
dissolution/condensation. Science 324, 1729-1732 (2009).

3. Hyman, A. A., Weber, C. A. & Julicher, F. Liquid-liquid phase separation in biology. Annu.
Rev. Cell Dev. Biol. 30, 39-58 (2014).

4. Ray, S. etal. a-Synuclein aggregation nucleates through liquid-liquid phase separation.
Nat. Chem. 12, 705-716 (2020).

5. Gomes, E. & Shorter, J. The molecular language of membraneless organelles. J. Biol. Chem.
294, 7115-7127 (2019).

6. Su, L. etal. Dilution-induced gel-sol-gel-sol transitions by competitive supramolecular
pathways in water. Science 377, 213-218 (2022).

7.  Kieltyka, R. E. et al. Mesoscale modulation of supramolecular ureidopyrimidinone-based
poly(ethylene glycol) transient networks in water. J. Am. Chem. Soc. 135, 11159-11164
(2013).

8.  Flory, P. J. Thermodynamics of high polymer solutions. J. Chem. Phys. 10, 51-61(1942).

9. Sing, C.E. &Perry, S. L. Recent progress in the science of complex coacervation. Soft
Matter 16, 2885-2914 (2020).

10.  Huggins, M. L. Solutions of long chain compounds. J. Chem. Phys. 9, 440 (1941).

1. Horkay, F. & Douglas, J. F. in Gels and Other Soft Amorphous Solids (eds Horkay, F., Douglas,
J.F. & Del Gado, E.) Ch. 1 (American Chemical Society, 2018).

12.  Yuan, C., Yang, M., Ren, X., Zou, Q. & Yan, X. Porphyrin/ionic-liquid co-assembly
polymorphism controlled by liquid-liquid phase separation. Angew. Chem. Int. Ed. 59,
17456-17460 (2020).

13.  Yuan, C. et al. Nucleation and growth of amino acid and peptide supramolecular
polymers through liquid-liquid phase separation. Angew. Chem. Int. Ed. 58, 18116-18123
(2019).

14.  Webber, M. J., Appel, E. A., Meijer, E. W. & Langer, R. Supramolecular biomaterials. Nat.
Mater. 15, 13-26 (2016).

15.  Cheetham, A.G., Ou, Y. C., Zhang, P. & Cui, H. Linker-determined drug release mechanism
of free camptothecin from self-assembling drug amphiphiles. Chem. Comm. 50,
6039-6042 (2014).

16. Du, X., Zhou, J., Shi, J. & Xu, B. Supramolecular hydrogelators and hydrogels: from soft
matter to molecular biomaterials. Chem. Rev. 115, 13165-13307 (2015).

17. Van Almen, G. C. et al. Development of non-cell adhesive vascular grafts using
supramolecular building blocks. Macromol. Biosci. 16, 350-362 (2016).

18. Mes, T. et al. Supramolecular polymer materials bring restorative heart valve therapy to
patients. Mater. Today 52, 175-187 (2022).

19.  Weirich, K. L. et al. Liquid behavior of cross-linked actin bundles. Proc. Natl Acad. Sci. USA
114, 2131-2136 (2017).

Nature | Vol 626 | 29 February 2024 | 1017


https://doi.org/10.1038/s41586-024-07034-7

Article

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Mosser, G., Anglo, A., Helary, C., Bouligand, Y. & Giraud-Guille, M.-M. Dense tissue-like
collagen matrices formed in cell-free conditions. Matrix Biol. 25, 3-13 (2006).

Nystrém, G., Arcari, M. & Mezzenga, R. Confinement-induced liquid crystalline transitions
in amyloid fibril cholesteric tactoids. Nat. Nanotechnol. 13, 330-336 (2018).

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

Sahu, S. et al. Interplay of self-organization of microtubule asters and crosslinking protein
condensates. PNAS Nexus 2, 7 (2023).

Sahu, S., Herbst, L., Quinn, R. & Ross, J. L. Crowder and surface effects on
self-organization of microtubules. Phys. Rev. E103, 062408 (2021).

Edozie, B. et al. Self-organization of spindle-like microtubule structures. Soft Matter 15,
4797-4807 (2019).

Onsager, L. The effects of shape on the interaction of colloidal particles. Ann. N. Y. Acad.
Sci. 51, 627-659 (1949).

Wang, P. X. & MacLachlan, M. J. Liquid crystalline tactoids: ordered structure, defective
coalescence and evolution in confined geometries. Phil. Trans. R. Soc. A 376, 20170042
(2017).

Lekkerkerker, H. N., Poon, W. C., Pusey, P. N., Stroobants, A. & Warren, P. B. Phase
behaviour of colloid + polymer mixtures. Europhys. Lett. 20, 559-564 (1992).

Fleer, G. J. & Tuinier, R. Analytical phase diagrams for colloids and non-adsorbing
polymer. Adv. Colloid Interface Sci. 143, 1-47 (2008).

Ten Wolde, P. R. & Frenkel, D. Enhancement of protein crystal nucleation by critical
density fluctuations. Science 277, 1975-1978 (1997).

André, A. A. M. & Spruijt, E. Liquid-liquid phase separation in crowded environments.
Int. J. Mol. Sci. 21, 5908-5927 (2020).

Graham, K. et al. Liquid-like VASP condensates drive actin polymerization and dynamic
bundling. Nat. Phys. 19, 574-585 (2023).

Hamisch, B., Pollak, R., Ebbinghaus, S. & Huber, K. Thermodynamic analysis of the self-
assembly of pseudo isocyanine chloride in the presence of crowding agents.
ChemSystemsChem 3, 2000051 (2021).

Hamisch, B., Pollak, R., Ebbinghaus, S. & Huber, K. Cover feature: self-assembly of
pseudo-isocyanine chloride as a sensor for macromolecular crowding in vitro and in vivo.
Chem. Eur. J. 26, 7041-7050 (2020).

Baumer, N., Castellanos, E., Soberats, B. & Fernandez, G. Bioinspired crowding directs
supramolecular polymerisation. Nat. Commun. 14, 1084 (2023).

Dutertre, F. et al. Structure and dynamics of dendronized polymer solutions: Gaussian
coil or macromolecular rod? Macromolecules 49, 2731-2740 (2016).

Bagnani, M., Nystrém, G., De Michele, C. & Mezzenga, R. Amyloid fibrils length controls
shape and structure of nematic and cholesteric tactoids. ACS Nano 13, 591-600 (2019).
Bruggeman, E. et al. POLCAM: instant molecular orientation microscopy for the life
sciences. Preprint at bioRxiv https://doi.org/10.1101/2023.02.07.527479 (2023).

Garlea, I. C. et al. Colloidal liquid crystals confined to synthetic tactoids. Sci. Rep. 9,
20391(2019).

1018 | Nature | Vol 626 | 29 February 2024

40. Ford, A. J. & Rajagopalan, P. Measuring cytoplasmic stiffness of fibroblasts as a function
of location and substrate rigidity using atomic force microscopy. ACS Biomater. Sci. Eng.
4, 3974-3982 (2018).

41.  Murata, K. & Tanaka, H. Surface-wetting effects on the liquid-liquid transition of a
single-component molecular liquid. Nat. Commun. 1,16 (2010).

42. Murata, K. & Tanaka, H. Impact of surface roughness on liquid-liquid transition. Sci. Adv.
3, 1602209 (2017).

43. Haji-Akbari, A. & Debenedetti, P. G. The effect of substrate on thermodynamic and kinetic
anisotropies in atomic thin films. J. Chem. Phys. 141, 024506 (2014).

44. Xue, L., Zhang, J. & Han, Y. Phase separation induced ordered patterns in thin polymer
blend films. Prog. Polym. Sci. 37, 564-594 (2012).

45. Affrossman, S. et al. Surface segregation in blends of polystyrene and perfluorohexane
double end capped polystyrene studied by static SIMS, ISS, and XPS. Macromolecules
29, 5432-5437 (1996).

46. Sharma, A., Ong, I. L. H. & Sengupta, A. Time dependent lyotropic chromonic textures in
microfluidic confinements. Crystals 11, 35 (2021).

47. Mang, J. T., Kumar, S. & Hammouda, B. Discotic micellar nematic and lamellar phases
under shear flow. Europhys. Lett. 28, 489-494 (1994).

48. Xia, Y. et al. Thickness-independent capacitance of vertically aligned liquid-crystalline
MXenes. Nature 557, 409-412 (2018).

49. Feric, M. & Brangwynne, C. P. A nuclear F-actin scaffold stabilizes RNP droplets against
gravity in large cells. Nat. Cell Biol. 15, 1253-1259 (2013).

50. Diamond, A. D. & Hsu, J. T. Phase diagrams for dextran-PEG aqueous two-phase systems
at 22 °C. Biotechnol. Tech. 3,119-124 (1989).

51. Obayashi, H., Wakabayashi, R., Kamiya, N. & Goto, M. Supramolecular localization in
liquid-liquid phase separation and protein recruitment in confined droplets. Chem.
Commun. 59, 414-417 (2022).

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

Open Access This article is licensed under a Creative Commons Attribution

By 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) 2024


https://doi.org/10.1101/2023.02.07.527479
http://creativecommons.org/licenses/by/4.0/

Methods

Materials

Allchemicals and reagents were purchased from commercial sources
at the highest purity available and used as received unless otherwise
stated. UPy-Gly, BTA-EG, and BTA-Glc were ordered from SymoChem.
mPEG-0-C12 (DPEG, PEG MW: 5,000), PEG-fluoresceinisothiocyanate
(FITC) (MW:10,000) and dextran-FITC (MW:550,000) were obtained
from Creative PEGWorks. PEG (MW: 8,000), cetrimonium bromide
(CTAB) and alginate and sodium salt from brown algae were purchased
from Sigma-Aldrich. Dextran 500 was ordered from Pharmacosmos
(pharmaceutical quality). Water was purified on an EMD Millipore
Milli-Q Integral Water Purification system. UPy-COOH was synthe-
sized following previous methods®*%, The synthesis of BTA-Cy5is also
reported in our previous work®*. The synthesis route for UPy-Cy5 can
be found in the Supplementary Information.

Sample preparation

UPy-Gly or UPy-COOH stock solution. The stock solution was always
freshly made. To prepare 4 wt% of stock solution, either UPy-Gly or
UPy-COOH solid was dissolved in the PBS buffer and a calculated
amount of 1 MNaOH, to make the final pH higher than11. The solution
was then heated at 75 °C for 15 min. Subsequently, a calculated amount
of 600 uM of UPy-Cy5 or 1 mM of Nile red in methanol was added and
mixed with the stock solution to reach a final concentration of 7.2 pM
(UPy--Cy5) or 2 uM (Nile red). Finally,1 M HCl was added to adjust the
pHtothetargeted pH.

UPy-Gly or UPy-COOH solution with dextran. The freshly made
UPy-Gly or UPy-COOH stock solution was immediately added into
the prediluted PBS solution and mixed. Then 10 or 20 wt% of dextran
solution (with 0.08 mol% of dextran-FITC) was added to reach to the
required concentration. The mixture was vortexed for20-30 s.

UPy-Gly or UPy-COOH solution with PEG and dextran. The freshly
made UPy-Gly or UPy-COOH stock solution wasimmediately added into
the premixed PBS and PEG solution and mixed. To achieve the required
concentration, 10 or 20 wt% of dextran solution (with 0.08 mol% of
dextran-FITC) was then added. The mixture was vortexed for 20-30 s.

BTA-EG, solution with CTAB. A total of 4 mg ml™ of BTA-EG, stock
solutionwas freshly made by mixing BTA-EG, solid with 0.1 mol equiv.
of CTAB and water; it was stirred and heated at 80 °C for 15 min.
After heating, 500 pM of BTA-Cy5 inmethanol was added to get a final
concentration of about 1 pM. A small volume of the concentrated
CTAB solution (50 mg ml™) was added to adjust the BTA-EG,/CTAB
ratiolater.

BTA-Glc solution with PEG and dextran. A total of 4 mg ml™ of BTA-Glc
stock solution was prepared by dissolving BTA-Glc solid in water; it was
stirred and heated at 75 °C for 15 min. After heating, 500 uM of BTA-Cy5
in methanol was added to get a final concentration of 1 or 2 uM. The
stock solution was then mixed with the heated dPEG solution. Next, the
preheated 20 wt% of PEG was added before adding 20 wt% of dextran
solution (with 0.08 mol% of dextran-FITC). The volumes of the added
solutions were adjusted to arrive at the designed concentrations. The
solutionwas shaken or vortexed after each step. All solutions except for
the UPy-Gly or UPy-COOH stock solution were either incubated in the
Eppendorftube or transferred to theimaging chambersimmediately
after preparation.

Zeta potential measurements

Zeta potentials were measured on a Malvern instrument Zetasizer,
model Nano ZSP. Zetasizer software was used to analyse and process
the zeta potential data. For the preparation of UPy-COOH and UPy-Gly

samples, the solid samples were dissolved and annealed in basic
0.84 x PBS (110 mM NaOH) at a concentration of 4.4 wt% for 15 min at
75 °C. After dissolving, the samples were diluted with MiliQand 1 x PBS
and adjusted to the final pH varying from 4.6 to 9 with1 MHCI, resulting
in 0.4 mM of UPy-Gly or UPy-COOH with different PBS concentrations.
A DTS1070 cuvette was used for measuring the zeta potential. The
measurement duration time was automated, and automatic attenua-
tionand voltage was selected. The samples were measuredintriplo at
RT witha 30 s equilibration time.

Dual asymmetric centrifugation

To break down UPy-Gly fibrils, dual asymmetric centrifugation was
performed usingaHettich ZentriMix 380 R equipped with a ZentriMix
rotor.Samples were added to 0.2 ml Eppendorftubes and centrifuged
for 60 min with a rotational speed of 2,500 rpm. The samples were
subjected only to shear forces generated by the dual rotor set-up with
no milling beads added.

Confocal laser scanning microscopy

Sample preparation method 1. A total of 8-9 pl of the fresh sample
was loaded into a 120-pm-thick chamber built with two pieces of #1.5
cover glass withanimaging spacer (Grace Bio-Labs SecureSeal imaging
spacer, 8 wells, diameter x thickness: 9 mm x 0.12 mm) in the middle.

Sample preparation method 2. A total of 45-48 pl of the fresh sample
was loaded into an 800-um-thick chamber (Grace Bio-Labs SecureSeal
hybridization chambers, 8 wells, diameter x depth: 9 mm x 0.8 mm,
port diameter: 1.5 mm) with the #1.5 cover glass at the bottom. The
open ports were sealed after sample loading.

Sample preparation method 3. About 100 pl of the fresh sample was
loadedinto each well of the ibidi p-slide (18 wells, no.1.5H glass bottom,
well size: 5.7 x 6.1 x 6.8 mm?®) and covered with the lid.

Sample preparation method 4. About 5 pl of the sample was loaded
onto the glass holder and covered with the #1.5 cover glass. The sur-
roundings of the cover glass were sealed with nail polish to reduce
evaporation-induced drifting or flowing.

The fluorescent images and videos were acquired with the Leica
TCS SP8 microscope in the confocal mode with 40x/0.9 (dry), 63x/1.2
(waterimmersion) and 63x/1.3 (oilimmersion) objectives at aresolu-
tion of 512 x 512,1,024 x 1,024 or 2,048 x 2,048 pixels. The lasers used
were 488 nm (for FITC), 552 nm (for Nile red) and 638 nm (for Cy5). The
videos were taken with a time gap of 10 min. The z-stack images were
collected withagap of 0.5,1.0 or 2.0 pm.

Thebright field images were collected with the Leica TCS SP8 micro-
scopeinthe BF mode.

The image analysis was conducted with ImageJ or the Leica micro-
scope built-in software (only for some z-stack images).

The tracking of the phase-separation states (concentration ratios of
UPy-Cy5inside and outside the droplets) is realized by time-lapsed vid-
eos of CLSM. The tempo-spatially resolved change of the fluorescence
intensities can be extracted from each frame of the video. To avoid
ableaching effect, we set a 10 min gap between each frame. Several
samples were tracked simultaneously using the ‘mark & find’ function.

Fluorescence recovery after photobleaching

The FRAP was conducted onthe Leica TCS SP8 microscope in the confo-
calmodewith a 63x/1.2 (waterimmersion) numerical aperture objective
ataresolution of 512 x 512 pixels. The samples were dyed with 1.8 pM
of UPy-CyS5. One to three images were taken before bleaching with
the imaging power of 0.5-1.0%. Subsequently, selected circular areas
withdiametersranging from 0.6 to 7.0 pmwere bleached for 10 cycles
(0.3-0.7 sper cycle) at 50% of power with the 638 nm laser. The follow-
ingimages were captured with 0.5-1.0% of power every 0.3-5.0 s. The
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whole process was automated with the built-in software. Three or more
measurements were conducted for each sample. The fluorescence
intensities of the regions of interest (ROIs) were extracted by Image)
and normalized with the intensities of the reference area following
the equation below.

_ 1@®)/R@®

10 = 10)/R(0)

()]

Where i(t) is the normalized fluorescence intensity at time ¢, /(¢) and
1(0) are the fluorescence intensities of the ROl at times tand O, respec-
tively. R(t) and R(0) are the fluorescence intensities of the reference
areaattimestand O, respectively. The normalized fluorescence recov-
ery curves were then fitted with a first-order exponential equation
(equation (2)) where Aisthe amplitude of the recovery, Tis the critical
recovery time and Cis the intercept®.

i(t)=A(1—e‘?)+c 2)
The half-life of the recovery (¢,,,) could then be determined by equa-

tion (3) and the apparent diffusion constant (D,,,) could be calculated
by factoring in the radius of the ROI (w) following equation (4)%,

tl/Z =In2 x T (3)
0.88w?
D, =—— (4)
app 4f1/2

Atomic force microscopy

Wet samples for force curve measurements. The freshly cleaved mica
was first treated with 20 uM of CaCl, for 20-30 min and washed with
water two or three times. The residual solutions were pipetted away
fromthe mica, eventually leaving a thin layer of water on the top. Next,
1plofthesample was evenly added onto the mica by immersing the tip
of the pipette into the thin water layer. The mica was then incubated
atroom temperature for at least half an hour. It was either covered or
replenished with water to avoid drying during the incubation time.
Finally, about 100 pl of the buffer, which contained the same concen-
tration of dextran and PBS as the sample, was mounted onto the mica
right before the measurements.

Dry samples for tapping mode imaging. Samples were first dilutedin
water with a final concentration of 10 uM. A total of 5 pl of the diluted
sample was immediately spin-coated onto a piece of freshly cleaved
mica, of size 1.0 x 1.0-1.5 x 1.5 cm?,at 2,000 rpm for 1 min.

In situ force curve measurements on tactoids. AFM measurements
were conducted on a Cypher Environmental Scanner equipped with
aclosed gas cell. An active heating and cooling stage was used to ac-
tively control the temperature at 20 °C. The measured force curves
onthetactoids were recorded in contact mode using a superlumines-
cent diode to reduce the signal-to-noise ratio. Spherical poly methyl
methacrylate (PMMA)-based CP-CONT-PM probes (Nanotools, spring
constantk = 0.2Nm™;r=750 nm) with aresonance frequency of 30 Hz
(approximately 7 Hzin PBS buffer) were used for all measurements. The
cantilever was thermally calibrated in solution with blueDrive using the
‘Get Real’ functioninthe Igor Pro software. Force curves were obtained
using a slow scan rate of 0.061 Hz over a force distance of about 4 pm
(velocity 414.11 nm s™) to prevent any perturbations in the PBS buffer
that could cause the displacing of the tactoids. Furthermore, the trig-
ger point was kept to between 10 and 15 nN. After obtaining the force
curves, we applied the Hertz model (for spherical AFM tips) to extract
the Young’s modulus of the tactoids (equation (5)).

F=

W

X L X . Jr x 5% (5)
1-v2

where Fis the applied force, E,is Young’s modulus, V;is the Poissonratio
(V,=0.4), ris the radius of the spherical AFM tip and ¢ is the indenta-
tion depth. For all samples, several force curves (6-26) were recorded,
and mean values and standard deviations were extracted. Two-sample
Student’s¢-tests were performed to verify the difference between two
populations.

Tapping mode imaging of fibrils. AFM measurements of dry sam-
plesintapping mode (phase less than 90) were similarly recorded on
the Cypher Environmental Scanner equipped with a closed cell and a
normal laser diode. A heating and cooling stage was used to actively
control the temperature at 20 °C. Silicon AC-160TS probes (Oxford
instruments, spring constant k=26 Nm™; f=300 kHz) with a tip
height of 14 pm and a radius of 7 nm were used for all measurements
and calibrated using the ‘Get Real’ function in the Igor Pro software.
Heightimages of either 20 x 20 pum or 10 x 10 pm were acquired using
ascanrate of 3.0 Hz and 1,024 x 1,024 pixels. Contrast of the images
was further enhanced using first-order planefit and flattening using
Gwyddion v.2.60. Subsequently, the lengths of the UPy-Gly fibrils in
the processed images were measured using the Digimizer software.
The histograms of the fibril length were fitted with the Gaussian
distributions.

Cryogenic transmission electron microscopy

For cryoTEM measurements, Quantifoil grids (R 2/2, Quantifoil Micro
Tools GmbH) or Lacey grids (LC200-Cu, Electron Microscopy Sciences)
were used. Before sample addition, grids were treated with surface
plasmaat 5 mA for 40 susing a Cressington 208 carbon coater. A total
of 3 plof the sample was applied to the grid held in an automated vitri-
ficationrobot (FEI Vitrobot Mark IV), operating at 22 °C with arelative
humidity of100%. Excess sample was removed by blotting for 3 susing
the filter paper with a blotting force of —2. The thin film formed was
vitrified by plunging the grid into liquid ethane just above its freezing
point. Vitrified films were transferred into the vacuum of a CryoTI-
TAN (Thermo Fisher) equipped with a field emission gun operated at
300 kV,apostcolumn Gatan energy filterand a2,048 x 2,048 Gatan CCD
camera. Virtrified films were observed in the CryoTITAN microscope
at temperatures below —170 °C. Micrographs were taken at low-dose
conditions, using defocus valuesincluding -10 pm, -5 pmand -2.5 pm
at 24,000 magnification.

Thefibril diameters were extracted from several cryoTEM images per
sample with ImageJ. The histograms of the fibril diameters could be
fitted with the Gaussion distribution. Two-sample ¢-tests were carried
out to verify the difference of mean values between two populations.

Polarized fluorescence microscopy

Sample preparation. A total of 2 pl of the sample was added to the
holding glass and covered with #1.5 cover glass. The sides of the cover
glass were sealed with nail polish to avoid evaporation and sample
drifting.

Optical polarization measurements. The samples were imaged using
acommercially available inverted microscope (model: Nikon Eclipse
Ti2). After the samples were loaded on the microscope stage, it was
illuminated (in epi-illumination mode) using a 637 nm excitation la-
ser (OBISFP 637LX, Coherent). The excitation parameters (excitation
power 0.1 mW) were controlled using the Coherent software. The col-
limated laser beam was first allowed to pass through a 640 + 10 nm
band-pass filter, followed by a zero-order half-wave plate (Thorlabs)
which is mounted on a rotation mount. The excitation beam was re-
flected by adichroic mirror (ZT640rdc, Chroma) and was directed to
an oil-immersion objective (Apo-TIRF, 60x, 1.49 numerical aperture,



Nikon). This set-up resultsin the sample beingilluminated with a colli-
mated lightbeamwith awell-controlled polarization state. To eliminate
the concernofthe depolarization of the excited light passing through
the optics, we mounted a polarizer on top of the objective lens and
measured the laser intensity by tuning the angle of the half-wave plate.
The minimum laser intensity detected was almost zero. This suggests
almost100% polarization of the excited light.

The fluorescence signal was collected by the same objective lens
and passed through a 635 nmnotchfilteranda700 + 75 nm band-pass
filter before being collected by the detector (Prime BSI Express sSCMOS
camera, Teledyne Photometrics). The wide-field fluorescence images
from the samples were captured using NIS Elements (Nikon) with an
exposure time of 100 ms. For each sample, several 225 s or longer videos
were recorded with the half-wave plate manually rotated by 4° every
5s. This resulted in a polarization rotation of 20 when the half-wave
plate was rotated by 6.

The fluorescence intensities of the tactoids were extracted using
ImageJ and plotted against the polarization angle of the incident light
beam (Fig.3g and Supplementary Fig. 8). To fit the oscillating fluores-
cenceintensity curves, we first studied the bleaching effect and found
that the intensities decayed linearly over time and that the bleaching
ratewasroughly linear to the starting intensity (Supplementary Fig. 6).
Subsequently, we modified the squared cosine function and fitted the
oscillatory curves with the following equations using Origin.

1(8) = (Iy— kt) cos*(6+ B,) +b[1—$] (6)
0
560
t= ? (7)

where /, is the amplitude of the oscillation curve and b is a constant
thatis not sensitive to the angle of the linearly polarized light (). k is
the decayingrate of the amplitude due tobleaching. 8, is related to the
orientation of the dyes. The extent of alignment () of the fibrils within
the tactoids can thus be calculated by equation (8).
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The good correlation between the angles of the dyes (6,) and the
relative orientations of the tactoids (6,,...iss) Obtained from the images
confirmed correlated positioning between the dyes and the fibrils
(Supplementary Fig. 7).

Instant molecular orientation microscopy basedona
polarization camera

POLCAM is used to map the molecular orientation distribution in
the tactoids™. It is a simplified fluorescence orientation microscopy
method based on a wide-field fluorescence microscope set-up. In the
measurement based on POLCAM, we use the same microscope set-up
asinnormallinear polarizer-based measurement, as described above,
except that instead of an sCMOS camera, we use a polarization cam-
era DZK 33UX250 from The Imaging Source. A quarter-wave plate is
installedinthe light path to get circularly polarized light for the imag-
ing of the background. The polarization camerais equipped withSony
IMX250MZR Polarsens sensor chip with on-chip polarizers with trans-
missionaxis in four directions (0°,45°,90° and -45°), thanks to which
full Stokes parameters can be calculated onthe basis of the fluorescence
intensities measured from the four polarization channels. We define
the Stokes parameters as follows.
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where Iy, 1,5, oo and /3 are measured intensities in the four polarized
channels from the polarization camera. Defined as such, the Stokes
parameters describe the total intensity of the optical field (S,), the
intensity of linear horizontal or vertical polarization (S;) and the
intensity of linear 45° or —45° polarization (S,). The pixel-by-pixel
Stokes parameters are then used to calculate the in-plane orien-
tation ¢ of the fluorescence emission coming from UPy-CyS5in the
tactoids. We define the in-plane orientation of the fluorescence
emission by:

o= ltan‘l(ﬁj =AoLP (12)

2 S,

where AoLP stands for the angle of linear polarization.

To analyse the images from polarization camera measurement, we
use the open-source software for the POLCAM method (POLCAM-SR)
under the diffraction-limited mode.

Small-angle X-ray scattering

The SAXS measurements were conducted on a SAXSLAB Ganesha
system, equipped with a GeniX-Cu ultra-low divergence source and
a photon flux of 1 x 10® photons s™. The wavelength of the X-ray is
1.5 A. About 150 pl of solutions were loaded into each fixed, 2 mm
quartz capillary. Two-dimensional intensity images were collected
with a Pilatus 300 K silicon pixel detector with a measurement of
4 h and converted to one-dimensional plots with SAXSGUI. The g
range covered by a single measurement was 0.12-6.90 nm™ and the
absolute g value was calibrated with AgBeh. Solvent and capillary
contributions to the scattering intensities were subtracted from the
blank solution with the PRIMUS program from the ATSAS software
package.

Dynamic and static light scattering

DLS and SLS experiments were performed on an ALV/CGS-3 compact
goniometer system (ALV-GmbH), which consists of a single detector,
ALV/LSE-5004 light-scattering electronics, several tau digital correla-
tors and a Cobolt Samba 50 laser (laser wavelength 532 nm). DLS/SLS
data were collected from 20° to 150° with a10° step.

Data availability

Alldataneededto evaluate the conclusionsinthe paperare presentin
the main text, Supplementary Information and the videos.
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9 h 20 min 9 h 40 min

10 h 30 min 11 h 30 min

Extended DataFig.1|Phaseseparation process for the UPy-Gly solution with no dextran. Solution condition: UPy-Gly 1 wt% (8.4 mM), UPy-Cy51.8 uM,
pH=7.7,PBS x 0.25. The scalebaris 50 um.
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- t=15to 20 min
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Extended DataFig.2|Lengthdistributions of UPy-Gly fibrils from AFM
measurements for t=15 min, 8 h,1dayand 3 days. a-b, Representative AFM
imagesatt=15t020 min,8or9h,1dayand 3 daysinthe presence of O wt% (a),
0.5wt% (b) of dextran. Thescale bars for theinsets and large picturesare 2and
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4 um, respectively. c-d, Histograms of the fibril length distributions at different
time for solutions with 0 wt% (c), 0.5 wt% (d) of dextran. Theinsetis a plot of
theaveragelength of the fibrils over time. UPy-Gly 1wt%, pH=7.6, PBS x 0.25.

n=43to195.
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Extended DataFig. 3 | Tracking the growth of fibrils with light scattering.
a-b, Thereciprocalreduced intensity Kc/Rina“Zimm” representation Ornstein
of 1wt% of UPy-Gly solution with O wt% (a) and 0.5 wt% (b) of dextran at different
time (arrows). Theinsetinb) shows the very small dextran contribution to the
totallight scatteringintensity of the fibril solution. ¢, Radius of gyration,

R,, obtained fromthe slope of the Kc/Rin the linear Guinier regimeina) and b);
gisthereciprocal probinglength.d, Light and X-ray scattering intensity
patternswith O wt% of dextraninaHoltzer representation toindicate the fibril

contribution (atlow ¢’s), therod-like regime (R~ g*) at g ~ 0.03 nm™" witha
persistent length of -100 nm and the local packing of fibrils (at g > 0.2 nm™).

e, Relaxation function C(g,t) of the concentration fluctuationin the dilute fibril
regime with O wt% of dextran at different scattering angles (g’s). The single
diffusion coefficient, Dy, isindicated by the g* dependent relaxation rate (inset).
f, The hydrodynamic radius R, with O wt% and 0.5 wt% of dextran at early time
(dilute fibril regime). More details are given in the Supplementary Information.
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Extended DataFig.4 | The growth process oftactoids with different Solution condition: UPy-Gly1wt%, UPy-Cy51.8 uM, pH=7.6 or 7.7, PBS x 0.25,
concentrations of dextranfromt,to t,+50 min.t,correspondstothe dextran O wt%, 0.3 wt%, 0.5wt%and 0.75 wt%. The scale baris 5 pm.
transition pointinFig.2c.It’sdependent onthe dextran concentration.
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Extended DataFig.5|3Dimages oftactoids with 0.5 wt% of UPy-Gly and PBS x 0.25,t=12days. The samples wereincubated ina120 pum thick chamber
different concentrations of dextran. a-d, Solution condition: UPy-Gly 0.5wt%,  withone piece ofglassonthetop and oneatthebottom. The unitofthexyz
UPy-Cy50.9 uM, dextran 0.5 wt% (a), 1wt% (b), 1.5wt% (c) and2wt% (d),pH=7.6,  axisispm.
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Extended DataFig. 6 | Vertical tactoids visualized from the x-y plane with substrate, which may be due to the anchoring effect of the substrate that has
confocal microscope. The non-spherical shape was caused by the merging slowed down the fusion of the bottom parts of tactoids. Solution condition:
with nearby tactoids onthe substrate. Aging can slow down the fusion of UPy-Gly1wt%, UPy-Cy51.8 uM, pH=7.6, PBS x 0.25, dextran 0.5wt% (a,t =25h)

tactoids. Inaddition, the cross sections are also less regular close to the and 0.75wt% (b, t =27 h). The scale baris 200 pm for (a) and 1000 pm for (b).
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Extended DataFig.7|Slow flipping of flat tactoids and fast fusion with one or more vertical tactoids. Each columnis separated by 10 min. Eachrowis one
independent spot. Solution condition: UPy-Gly 1 wt%, NileRed 0.5 uM, dextran1wt%, pH=7.7, PBS x 0.25,t =3to4 h. The scalebaris 5 um.
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1 day

Extended DataFig. 8|3Dimages from confocalzscanning for doublelayered, dextran0.5wt%, pH=7.6,PBSx0.25. The sample wasincubatedinal20 um
vertical tactoids with 0.5 wt% of dextran atdifferent time. Time:1day,3 thick chamber with one piece of glass on the top and one at the bottom. The unit
days, 7 days and 45 days. Solution condition: UPy-Gly 1wt%, UPy-Cy51.8 pM, ofthexyzaxisispum.
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Extended DataFig.9|Generalization of LLPS behaviorinother b, 1wt% of UPy-COOH mixed with 0 wt%, 0.5 wt%, 0.75 wt% and 1 wt% of dextran
supramolecular polymer systems. a,4 mg/mL of BTA-EG, mixed with 0.1,0.2, atpH=7.2andPBS x0.25,t=12 h. UPy-COOH was labelled with 0.5 pM of Nile
0.4 and1molequivalent of CTAB, t = 6 days. BTA-EG, was labelled withBTA-Cy5.  Red.Thescalebaris 50 pm.
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Extended DataFig.10 | Partition of UPy-Gly and BTA-Glcinthe ATPS of PEG

and Dextran. a,1wt% of UPy-Gly with7 wt% of PEG, pH =9, PBS x 0.25, t =1day.

UPy-Gly was labelled with 0.02 mol% of UPy-Cy5. PEG was labelled with 0.1 mol%

of PEG-FITC.b,1wt% of UPy-Gly in 5 wt% of PEG and 5 wt% of dextran, pH=9,
PBS x0.25,t=3h.UPy-Gly was labelled with 0.5 pM of Nile Red. Dextran was
labelled with 0.08 mol% of dextran-FITC. The insets are the intensity profiles
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of Nile Red (UPy-Gly) and dextran-FITC along the yellow lines, respectively.
c,2.2mg/mLof BTA-Glcand 1.8 mg/mL of DPEG with 8 wt% of PEG and 2 wt%
of dextran, t =3 h.BTA-Glc was labelled with 2 uM of BTA-Cy5. Dextran was
labelled with 0.08 mol% of dextran-FITC. Theinsets are the intensity profiles
of BTA-Cy5 and dextran-FITC along the yellow lines, respectively. The scale
baris50 pm.
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