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ABSTRACT: The interplay of the glass transition with liquid—
liquid phase separation (LLPS) is a subject of intense debate. We
use the scattering invariant Q to probe how approaching the glass
transition affects the shape of LLPS boundaries in the temper-
ature/volume fraction plane. Two protein systems featuring kinetic
arrest with a lower and an upper critical solution temperature
phase behavior, respectively, are studied varying the quench depth.
Using Q we noninvasively identify system-dependent differences
for the effect of glass formation on the LLPS boundary. The glassy
dense phase appears to enter the coexistence region for the
albumin—YCl; system, whereas it follows the equilibrium binodal

for the y-globulin—PEG system.

he phenomenon of arrested phase separation in colloid

and protein solutions has been intensively studied
experimentally,'~* theoretically,'’ and in simulations'""
because it provides fundamental insights into the nature of
gels and glasses. If a glassy state is approached by the dense
branch of a liquid—liquid demixing gap, the liquid—liquid
phase separation (LLPS) comes to a halt, and a dynamically
arrested state is formed. If the amount of the denser phase is
sufficient, this state spans the entire sample. The resulting
structures are relevant for a broad range of applications from
food industry to material science to biology."*~" A still largely
unsolved question is the effect of the glass transition on the
apparent shape of the binodal in such systems.”*'°~** Under
conditions of arrested phase separation, the concentration of
the dense phase may decrease with the quench depth because
of the dynamic arrest occurring at concentrations lower than
the ones expected based on the equilibrium binodal (scenario i,
“intersecting”, in Figure 1). Alternatively, it may follow the
dense branch of the binodal (scenario f, “following”, in Figure
1).

Scenario i is supported by studies employing lysozyme
solutions as a model system. For shallow temperature
quenches,4 LLPS proceeds to completion, whereas for deeper
quenches, the phase separation is kinetically arrested by the
dynamical slowdown of the glassy dense phase. For even
deeper quenches a homogeneous attractive glass is ex-
pected.”™>'" Similar behavior has been reported in a
yp-crystallin system® and in colloidal systems,” where a mode
coupling theory-like glass line is seen to enter the LLPS
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coexistence region. Scenario f was instead described” for the
gelation of colloidal systems with short-ranged attraction. In
this case, the concentrations, for which the dense phase is
sufficiently glassy to halt the phase separation, coincide with
the high-density equilibrium boundary of the binodal. Upon
quenching, the system evolves into large clusters that span the
system, and the phase transition is kinetically arrested.””"* It is
still not understood whether this system-dependent behavior is
due to different influences of glass formation on the dynamics
of the spinodal decomposition or to the fact that the local
density cannot be precisely determined experimentally.'

In this Letter, we suggest a noninvasive new approach to the
study of (arrested) LLPS to experimentally distinguish the two
different behaviors. The method exploits an integral, the
scattering invariant Q, to probe the temperature dependence of
equilibrium and nonequilibrium states in two-phase systems.
We employ Ultra Small Angle X-ray Scattering (USAXS) to
collect time-resolved scattering profiles as a function of quench
depth. The value of the invariant experimentally extracted from
the USAXS profiles at late stages of phase separation is
sensitive to perturbations of the shape of the high-density
branch of the binodal. The main advantage of the method is
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Figure 1. (a) General illustration of the liquid—liquid phase behavior
of colloidal systems with short-range attraction. The phase diagram is
shown using the normalized second virial coefficient, B, as a function
of the volume fraction.”® The binodal in this representation is
downward-concave for both upper critical solution temperature
(UCST) and lower critical solution temperature (LCST) systems.
The quenches start above the binodal in the dilute solution (colloidal
“gas”)—crystal coexistence region. The two possible scenarios for the
interplay between LLPS and glass formation are labeled by i and f,
respectively. At Tgqp the glass transition starts influencing the
dynamics of the dense phase, resulting in the slowdown of the growth
of the interdomain characteristic length & upon phase separation. (b)
Behavior expected for the experimentally extracted invariant, Q¥, for
scenarios i and f.

that it eliminates the need to determine the concentration of
the two phases and to manipulate the samples mechanically,
while providing insight into the effect of glass formation on the
LLPS binodal.

The scattering invariant is a measure of the total scattering
power of the sample.”*">° For isotropic systems, the invariant
Q is related to the scattering intensity I(q) (q is the
momentum transfer g = (47/4)-sin 6, 26 being the scattering
angle) by the integral®’

_ [T 2
Q—fo q1(q)dq D

For two-phase systems, Q is related to the volume
fractions of the two phases and to the scattering contrast by

Q=21¢(1 — ¢p)Ap’ (2)

where ¢ is the volume fraction occupied by one of the phases
and Ap is the scattering contrast between the two phases. In
the approximation of internally homogeneous phases, Q is not
influenced by the topology of the two-phase system. Thus, the
apparent variation® of Q can be used to probe the boundaries
of the two-phase region, regardless of whether the dense phase
is in equilibrium or not. Time-resolved evaluation of the
invariant allows detection when the two phases have reached a
stable composition (Q reaches a plateau), while studying its
dependence on T captures deviations of the binodal from the
expected equilibrium boundary due to the incipient glass
formation. The slowdown of the growth of the characteristic
length &, representing the real-space correlations between the
domains of the two-phase system, during phase separation
reflects the increasingly glassy dynamics of the dense phase.
The concentration boundaries below the binodal can be
evaluated by measuring the invariant at different quench
depths and using eq 3 (see below). The contrast Ap depends
on the concentration difference between the two phases. Inside
a binodal, the concentration difference increases for deeper

24-26,28,29
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quenches, while ¢(1 — ¢) will also increase provided the
quench is off-critical and the binodal is not extremely skew
(see the Supporting Information, section I). For a liquid—
liquid binodal such as the one sketched in Figure 1a, we then
expect the value of the invariant to increase with the quench
depth. A decreasing invariant is instead due to a reduction of
the concentration of the dense phase. This allows for a
distinction between the two different scenarios, i and f, in
Figure 1 following the phase separation for off-critical
quenches. If in the late stage of phase separation the
equilibrium boundary is still followed as the kinetics is
arresting, scenario f in Figure 1b is observed. If instead the
glassy dense phase exists at lower volume fractions than the
ideal continuation of the binodal (scenario i), the trend of the
value of the invariant will change. Similar approaches
employing the scattering invariant have been used to detect
phase boundaries,”**" to follow the growth of particles,”* and
to detect composition changes in polymer systems.”’

Ultra Small-Angle X-ray Scattering (USAXS) and Very
Small-Angle Neutron Scattering (VSANS) can be applied to
study the kinetics of LLPS in protein systems exhibiting both
lower and upper critical solution temperature (LCST/UCST)
phase behavior.””** We followed the phase transition in 4 s
intervals up to 10° s upon an off-critical temperature jump. For
shallow quenches, the growth of & follows a power law close to
& o t1/3, which is consistent with coarsening mechanisms based
on diffusion or coalescence.”> >’ For deep quenches, the
growth of & in the systems studied initially follows the '/
power law (for about the first 30 s) but then slows down and is
practically stationary (growth exponent 0.1, up to a
resumption of the growth at later stages’), indicating an
arrested state.

In this Letter, to clarify the interplay between the LLPS
boundary and kinetic arrest, we performed a systematic study
on two protein systems with short-range attractive interactions:
one is BSA—YCl; with LCST phase behavior (induced by the
specific association of the trivalent salt with the protein) and
the other is y-globulin—PEG1000 with UCST phase behavior
(where protein—protein attraction is enabled by the depletion
interaction).

Bovine serum albumin (BSA), bovine y-globulin, poly-
ethylene glycol (PEG1000), and YCl; were purchased from
Sigma-Aldrich and used as received. Details of sample
preparation,8 characterization,’® nomenclature,” and the
USAXS measurements® are found in refs 8, 9, and 40. Briefly,
high-concentration dense phases were prepared exploiting a
first phase separation at room temperature, so to obtain
samples lying on the high-density branch of the binodal by
removing the dilute phase. A new phase separation was
induced by a temperature jump from ~15 °C away from the
binodal to a final temperature T within the coexistence region.
The resulting quench is therefore always off-critical. Time-
resolved USAXS experiments were performed at the ESRF
beamline ID02 in Grenoble, France,**' using a sample—
detector distance of 30.7 m and an X-ray energy of 12.46 keV
to cover a q range from 9.0 X 10™* nm™ to 7.5 X 107> nm™".
Samples were filled in 1.0 mm quartz capillaries and inserted
horizontally into a Linkam temperature-controlled sample
environment with a heating and cooling rate of 80 K/min.

We first consider the BSA—YCIl; system, which exhibits
LCST-LLPS phase behavior.*** The sample is a protein-rich
phase obtained from a first phase separation of a parent
solution at 175 mg/mL BSA and 40 mM YCl,. Figure 2a shows

https://dx.doi.org/10.1021/acs.jpclett.0c02110
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Figure 2. (a) Typical (¢ < 300 s) USAXS profiles for a LCST BSA—
YClI; sample upon a quench from 10 °C into the two-phase region: for
sufficiently deep quenches, the growth of the peak in the scattering
profiles arrests. (b) Time dependence of the characteristic length, &,
for the same LCST sample upon quenches to different final
temperatures, showing the slowdown in the power-law growth. (c)
Evolution of the experimental scattering invariant, Q¥, as a function of
time for selected quench temperatures for the LCST BSA-YCI,
sample. (d) Evolution of Q* as a function of time for quenches from
38 °C to selected final quench temperatures for a UCST y-globulin—
PEG sample.

typical USAXS profiles during the initial stage of LLPS for
temperature jumps from 10 to 39 °C and 10 to 49 °C. The
scattering curve features a peak with position ¢, which
increases in intensity and shifts to lower values of g as
coarsening sets in. For low-temperature jumps, the peak moves
continuously toward low g, whereas for high-temperature
jumps, after the initial growth, the peak evolution stops,
indicating an arrested state. The growth kinetics of the
characteristic length & = 27/q,,,, for selected temperatures is
shown in Figure 2b. It is clearly seen that for shallow quenches
the growth of the characteristic length & follows a power law
close to & ~ 3, which is consistent with coarsening
mechanisms based on diffusion or coalescence.”™** For
deep quenches, the growth of £ slows down and is eventually
almost stationary, indicating a smooth transition from full
LLPS to an arrested state.

The experimental scattering invariant Q* can be obtained
from the USAXS profiles by numerically calculating the limited
integral:

b
Q"= f 7’I(q)dq )

with a and b the lowest and highest g values chosen to define
the integration range, including the scattering from the
domains of the two phases. The accuracy of the approximation
of Q by Q* depends on the [4, b] range of q chosen, which is
obviously finite (see the Supporting Information, section II).

Figure 2c presents the values obtained for Q* as a function
of time and for different temperature jumps. The value of the
invariant suggests that the final composition compatible with
the quench temperature is essentially reached at the initial
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stage and maintained throughout the three-stage coarsening.’”
To probe the changes in composition and volume fractions of
the dense and dilute phase due to glass formation, we use the
values of Q* at later stages (Q* at plateau, Q;‘) The average in
the 100—300 s range is used in the present data treatment. We
note that Q* increases quickly after phase separation and
reaches a constant value for temperatures below 47 °C. Above
47 °C, Q* reaches a maximum and then slowly decreases. The
reason for this decrease is that at the highest temperatures
oscillations in characteristic length and intensity can occur, as
the phase separation starts before the final temperature is
reached and the characteristic length relaxes to the equilibrium
value at the final temperature. Nevertheless, compensating for
this effect yields qualitatively similar results (see the
Supporting Information, section III).

A similar analysis for the y-globulin—PEG system exhibiting
UCST results in the Q*(¢) curves shown in Figure 2d. Samples
II, I, and IV are again off-critical dense phases produced by a
first phase separation of a parent solution of y-globulin in the
range of 110—150 mg/mL with 9 or 10% (w/v) PEG1000.” A
rather constant plateau in the experimental invariant is reached
for all temperatures, featuring at most a very slow increase
which may be the manifestation of viscoelastic effects affecting
the relative volumes of the two phases.*’ For these samples, Q¥
is again calculated as the average in the range of 100—300 s.
The nonzero value of the experimental invariant Q* at zero
time for the deepest quenches is due to an early phase
separation peak being immediately present at the beginning of
data acquisition.

The results are summarized in Figure 3, showing the
temperature dependence of Q¥ for both systems. In the case of
the BSA—YCl; system (Figure 3a), Q first increases linearly
with increasing temperature. Above 45 °C, it starts to decrease
again, down to values lower than the lowest quench
temperature probed. This behavior suggests that the dense
phase is sufficiently glass-like to determine arrest within the
equilibrium coexistence region (Figure 1, scenario i). From
linear fits to the increasing and decreasing portion of Q[’)“(T),
we can estimate Ty, = 44 °C, at which glass formation below
the binodal prevents the dense phase from reaching the
equilibrium concentration. The y-globulin—PEG system shows
kinetic arrest at temperatures of about 5 °C and lower, based
on the time evolution of £’ The Q;k(T) plot (Figure 3b),
however, shows an essentially monotonous increase of Q; as a
function of quench depth in the temperature range studied.
This behavior is consistent with scenario f, in which the dense
phase is likely glassy at concentrations compatible with those
of an equilibrium binodal. Thus, we discern between the two
scenarios presented in Figure 1 and find that both behaviors
are possible and manifest depending on the system. While in
the BSA-YCI; system the glass transition determines an
apparent dense branch of the binodal that bends back toward
lower concentrations, the y-globulin—PEG system features an
equilibrium-like binodal even under conditions of kinetic
arrest. Importantly, this result is robust with respect to changes
in the scattering contrast between the two phases determined
by cosolute partitioning. Because it is known that PEG is
excluded from the dense phase in LLPS depletion systems**
and that trivalent cations such as Y>* partition preferentially
into the dense phase,**® any spurious effect of this kind would
result in a behavior opposite of the one observed and can thus
be excluded.

https://dx.doi.org/10.1021/acs.jpclett.0c02110
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Figure 3. (a) Qx (ie, Q* at plateau) as a function of quench
temperature for the LCST BSA—YCl; system. The continuous lines
are linear fits to the ascending and descending portion of the Qi (T)
data, the crossing identifies a sharp Tgy,,, at which glass formation
affects the shape of the LLPS boundary. (b) Q#(T) for three similar
UCST y-globulin—PEG1000 samples (nomenclature as in previous
work’). The LLPS boundary (red curve, guide to the eye) appears
essentially unperturbed in kinetic arrest (shaded area, based on the
significant slowdown of £(t)). The experimental invariant allows
discrimination between scenarios i and f in Figure 1. Errors of Q;f are
the standard deviations after averaging Q* in the plateau range.

Finally, we compare the behavior of QF with the LLPS
binodal for the BSA—YCl; system in Figure 4. The ag)parent
LLPS binodal for an almost identical parent solution® shows
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Figure 4. Overlay of QF as a function of temperature with an
experimental LCST binodal for the BSA—YCl; system determined
from concentration measurements in a previous work.® Q¥ is very
sensitive to deviations from the dense branch of the binodal. The
black solid line is a guide to the eye; the dashed horizontal line marks
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LCST phase behavior. The Q¥(T) plot shows clearly a sharp
transition due to an increasingly glassy dense phase. Compared
to the experimental determination of the concentration, the
variation in Q is more sensitive to the interplay between
LLPS and glass transition.

In conclusion, we exploit time- and temperature-resolved
USAXS data to calculate the scattering invariant Q at late
stages of the phase separation for different quench depths. This
procedure yields information on how the relative volumes and
concentrations of the dense and dilute phase of two protein-
based model LLPS systems change with the quench temper-
ature. Q¥ is therefore a sensitive probe of alterations of the
binodal due to the glass transition. We find that both reported
relations between the LLPS binodal and the glass transition™
can be realized. We speculate that the different behaviors upon
dynamic arrest may be related to the nature of the attractive
interactions between the proteins (directional charge inter-
action vs isotropic depletion interaction), simultaneously
affecting the dynamics of the glassy phase and the dynamics
of phase separation. Further theoretical studies are needed for
a better understanding of the mechanism by which the
different interactions alter the relation between the two
processes and for a more general insight into the relation
between the glass transition and phase separation. The
different dynamics may stem from the differences between
the mostly repulsive glass-like dense phase for the depletion
system and the attractive glassy state with YCl;, providing
stronger directional interactions and longer escape times.
Future studies employing existing theories of the glass
transition to describe glass formation within the dense protein
phase will require more details of the nature of interactions,
such as bonding dynamics*” and specific versus nonspecific
interactions.
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