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We investigate the transition of the phase separation kinetics from a complete to an arrested liquid-liquid
phase separation (LLPS) in mixtures of bovine y-globulin with polyethylene glycol (PEG). The solutions
feature LLPS with upper critical solution temperature phase behavior. At higher PEG concentrations or
low temperatures, non-equilibrium, gel-like states are found. The kinetics is followed during off-critical
quenches by ultra-small angle X-ray scattering (USAXS) and very-small angle neutron scattering (VSANS).
For shallow quenches a kinetics consistent with classical spinodal decomposition is found, with the
characteristic length (¢) growing with time as ¢ ~ />, For deep quenches, ¢ grows only very slowly with
a growth exponent smaller than 0.05 during the observation time, indicating an arrested phase
separation. For intermediate quench depths, a novel growth kinetics featuring a three-stage coarsening
is observed, with an initial classical coarsening, a subsequent slowdown of the growth, and a later
resumption of coarsening approaching again ¢ ~ 3. Samples featuring the three-stage coarsening
undergo a temporarily arrested state. We hypothesize that, while intermittent coarsening and collapse
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might contribute to the temporary nature of the arrested state, migration-coalescence of the minority
liquid phase through the majority glassy phase may be the main mechanism underlying this kinetics,
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1 Introduction

The study of phase transitions in protein solutions is a flourishing
research field. On the one hand, it is a topic of fundamental
interest as proteins represent the small size limit for colloids and
feature peculiar effects due to shape and interaction anisotropy.'™
On the other hand, this research field is closely related to a wide
range of applications, including formulation and stability of
biopharmaceuticals,” protein crystallization,® biomaterials,” and
industrial food processing.> Recently, much attention has been
devoted to the study of liquid-liquid phase separation (LLPS) in
protein solutions.*'®™* In particular, it was found that in
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which is also consistent with earlier simulation results.

colloid and protein systems interacting with a short-ranged
attractive potential, the interplay of spinodal decomposition
with glass formation during the LLPS can prevent a complete
phase separation, resulting in an arrested state."”*

Usually the kinetics of spinodal decomposition is described
by the Cahn-Hillard theory.>® In essence, the theory predicts
the amplification of concentration fluctuations during phase
separation, with a characteristic wavelength being selected
by the balance of interface tension and diffusion along the
gradient of chemical potential. Experimentally, this is reflected
by the growth of a peak in the structure factor S(g), which can
be measured by small-angle scattering. As coarsening sets in,
the peak continues to grow in intensity and its position, gmax,
shifts to lower values of the scattering vector q.>>>” The growth
kinetics of the characteristic length £ = 2n/gmax is customarily
divided in successive stages, with different growth exponents for
its time dependence.>”® The coarsening process at later stages
is a multifaceted phenomenon,?*® with numerous mechanisms
possibly concurring to the observed growth law.*'*> Hydrodynamic
and gravitational effects become important in the late stage of
coarsening,”®** and can also affect the arrested LLPS.>**” Systems
in the arrested state have been shown to still undergo some
form of residual coarsening.*®*™*!

This journal is © The Royal Society of Chemistry 2017
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Table1l Composition and volume fraction (@) of the dense phase samples used for USAXS and VSANS experiments, obtained by equilibration at 21 °C of

the corresponding parent solutions

[y-Globulin] in dense phase

[PEG] in dense [y-Globulin]/[PEG] parent

Sample (mg mL™")/®% phase (%w/v) solution (mg mL™")/(%w/v)
Sample I 220 + 29/16 + 2 3.8+1.2 110/9

Sample II 232 £+ 29/17 £ 2 4.3 £0.9 110/10

Sample III 246 +22/18 £ 1 4.4+04 150/9

Sample IV 295 + 31/22 + 2 2.7 +1.1 150/10

So far, only a few protein systems have been studied with
respect to the kinetics of LLPS and its interplay with glass
formation.®'>**** Lysozyme has been used as a model system
for this purpose. Studies indicate that the dynamic arrest of
lysozyme solution undergoing LLPS can lead to three scenarios,
depending on the quench depth. For shallow quenches (in the
so-called “region 1”,*> not to be confused with the denomination
of the samples in Table 1) LLPS proceeds to completion, for
intermediate quenches (“region II"’) the dynamic arrest prevents
the full LLPS, and for very deep quenches (“region III’) a
homogeneous attractive glass is formed.>'>*? These findings
have recently been discussed using a non-equilibrium theory of
arrested spinodal decomposition,** accounting for the behavior
observed in colloid and protein solutions.®'**>*® The Mode
Coupling Theory (MCT) is often used to predict the location of
a glass line. However an experimental study has shown the lack
of absolute arrest of the dynamics even beyond the MCT line,*’
and the relation between the glass line and the binodal is still a
matter of debate.">'”>* Despite these recent advances, scarce
experimental data is available for the kinetics of LLPS at quench
depths corresponding to the crossover between region I and II.

In our previous work, we have successfully applied ultra small-
angle X-ray scattering (USAXS) and very small-angle neutron
scattering (VSANS) to study the kinetics of LLPS in a protein-salt
system exhibiting a lower critical solution temperature (LCST)
phase behavior."* We followed the phase transition from sub-
second to 10" s upon an off-critical temperature jump. For shallow
quenches, the growth of the characteristic length ¢ follows a
power law close to ¢ ~ t'° up to the first 300 s, which is consistent
with coarsening mechanisms based on diffusion or coalescence.*
For deep quenches, the growth of the characteristic length initially
follows the " power law (for about the first 30 s), but then slows
down and is practically stationary, indicating an arrested state.

In this work, we study the kinetics of LLPS and its arrested
state in mixtures of bovine y-globulin and PEG, which exhibits
an upper critical solution temperature (UCST) phase behavior.
In this system, a short-range attractive ‘‘depletion” interaction
is provided by the non-adsorbing polymer PEG. Compared with
many other proteins such as lysozyme and serum albumin,
v-globulins have a more branched and flexible structure. Indeed,
for antibodies, the binodal of LLPS has a critical volume fraction
much lower than the one of globular proteins, due to their non-
spherical and anisotropic nature.**® These features make anti-
bodies particularly attractive to explore the kinetics of phase
separation. Furthermore, studies on the LLPS of monoclonal
antibodies in concentrated solutions are crucial for the phar-
maceutical industry.>**~" Bovine y-globulin used in this work

This journal is © The Royal Society of Chemistry 2017

is a polyvalent antibody mixture and the effective interactions
are dominated by short-ranged attractions as demonstrated in
previous work.>”> By adding a non-absorbing polymer such as
PEG, a tunable depletion interaction enhances the protein-
protein attraction and leads to LLPS under a broad range of
experimental conditions. For exceedingly strong attractive
interactions, arrested states can be observed.”® We focus
in particular on the coarsening kinetics approaching the
arrested state. The results are discussed in comparison with
our previous work on BSA as well as other globular protein
systems.

2 Experimental

2.1 Materials and sample preparation

Bovine y-globulin (purity >99%, Sigma-Aldrich, SRE0011), PEG
1000 (Sigma-Aldrich, 81188), NaCl (Merck 106404), HEPES
(Roth, HN78) and NaNj; (Sigma-Aldrich, S8032) were used as
received. All solutions were prepared in a buffer of composition
20 mM HEPES pH = 7.0, 2 mM NaNj, using degassed Milli-Q
water (Merck Millipore 18.2 MQ cm). The solutions for the
evaluation of phase behavior and the samples for USAXS and
VSANS experiments were mixed from buffer and stocks solutions
(in buffer) of y-globulin, PEG 1000 36% (w/v) and NaCl 4 M, to
a final NaCl concentration of 150 mM. The concentration of the
v-globulin stock solutions was assessed by UV absorption at 280 nm,
employing an extinction coefficient® E,g, = 1.4 mg™ ' mL cm ™" with
a Cary 50 UV-Vis spectrophotometer.

High volume fraction samples were prepared starting
from compositions in the LLPS region of the phase diagram.
These “parent solutions” were equilibrated for about 12 h at
21 °C and then briefly centrifuged, resulting in clear dense and
dilute phases, separated by a sharp meniscus. The dense
phases obtained were isolated and used for USAXS and VSANS
measurements. The protein and PEG concentrations for these
samples were determined from the protein and PEG concen-
tration in the corresponding dilute phases measured by UV
absorption and refractive index measurements, respectively.
For the refractive index measurement an Abbe refractometer
(Kriiss AR4), calibrated with Milli-Q H,0, was employed.
Standard curves for y-globulin and PEG 1000 in 20 mM HEPES
pH = 7.0, 2 mM NaNj3, 150 mM NaCl were used to correct for the
protein contribution and to determine the PEG concentration.
The volume of the dilute phase was evaluated by pipetting, and
the concentrations in the corresponding dense phase were
calculated from mass conservation.
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2.2 Determination of phase behavior

The state of solutions containing y-globulin and PEG 1000 was
determined by visual inspection of samples mixed at different
composition and equilibrated for about 24 h at 21 °C. The
binodal for an initial composition 110 mg mL " y-globulin,
10% (w/v) PEG 1000 was determined equilibrating the samples
in a water bath (at least 6 h) at the desired temperature. Samples
were prepared in triplicates in PCR tubes. The protein concen-
tration in the dilute phases was assessed by measuring the UV
absorption at 280 nm using a NanoDrop 1000 spectrophoto-
meter (Thermo Scientific) after completing the sedimentation
by a brief centrifugation step. The volume of the dilute phase was
determined by pipetting and the protein concentration in the
dense phase was calculated from mass conservation. Extending
the equilibration time alters the phase diagram only slightly. We
must mention that the phase boundaries seem to shift to lower
PEG concentrations and to higher temperatures depending on
the age of the starting lyophile. This kind of shift in protein
solutions was reported in other protein systems and linked to
oxidation.”®

Mass concentrations were converted to volume fractions
using the specific volume of y-globulin (0.739 mL g~ ).”°

2.3 Time-resolved USAXS

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
(4 = 0.099 nm) it was possible to cover a g range of 9.0 X
107" nm™" to 7.5 x 107> nm ' (g is the scattering vector
defined as g = (4n/A)sin 6, 26 is the scattering angle). A fast-
readout low-noise (FReLoN>®) fibre-optic coupled CCD detector
in a1 x 1 binning mode was used for data collection. Samples
were filled in 1.0 mm quartz capillaries and inserted horizon-
tally in a Linkam temperature-controlled sample environment
with a set heating and cooling rate of 80 K min™ .

Initially the samples were equilibrated in the single-phase
state at 38 °C, then quenched to the desired temperature. The
scattering profiles were followed in time acquiring successive
exposures of 30 ms. Measurements for each quench were repeated
three times to follow the phase separation with sufficient time
resolution at initial, intermediate and long times. For the initial
time range (up to 36 s from the first acquisition) scattering
profiles were acquired every 0.56 s, every 5 s for the intermediate
time range (up to ~5 min), and every 30 s for the long time range
(up to ~15 min). Between measurements, the sample was
brought back to the single-phase state at 38 °C and the capillary
was shifted to illuminate a different position to reduce the
radiation damage. The ¢ = 0 profile was collected after a short
time delay (15 to 30 s) that compensates for the time needed to
reach the set temperature given the heating rate and the quench
depth selected. The times for the subsequent profiles were
obtained from the time stamps associated with the detector
images. Scattering profiles collected at 38 °C before and after
every measurement were used for monitoring the reversibility
and stability of the samples, and for background subtraction.

8758 | Soft Matter, 2017, 13, 8756-8765

View Article Online

Paper

To identify the position of the peak in the structure factor, a
computer script smoothing the scattering profiles and search-
ing for the maximum intensity was employed.**

2.4 Time-resolved VSANS

The focusing mirror instrument KWS-3 operated by JCNS at the
Heinz Maier-Leibnitz Zentrum (MLZ), Garching, Germany®’
was employed for time-resolved VSANS experiments. Using a
neutron wavelength of 1.28 nm with A1/A = 20% and a sample-
to-detector distance of 9.3 m, a g-range from about 3.7 x 10™*
to 1.1 x 107> nm™ ' was covered. The scattered intensity was
collected using a °Li-scintillation detector with pixel size of
0.116 x 0.116 mm?, size 3 x 3 cm? and a deadtime of 2.9 us
without beamstop. The beam size at the entrance aperture was
0.7 x 0.7 mm?, the beam size at the sample cell was 8 x 8 mm?®.
Samples in 1 mm quartz cells were first equilibrated in the
single-phase state in a water bath and then placed in the
temperature-controlled sample environment at the desired
final temperature. The kinetics at long times was followed by
collecting 12 successive exposures of 10 min. Scattering profiles
obtained from the samples as single phases at 35 °C were used
as backgrounds. The peak position was found on the radially
integrated data by smoothing and searching for the maximum
of the scattering peak. VSANS data were reduced on absolute
intensity with the program QtiKWS provided by JCNS.*°

3 Results
3.1 Phase behavior: the binodal of LLPS

The phase behavior of the y-globulin/PEG 1000 mixture was
investigated. The radius of gyration of the depletant (PEG 1000)
was reported to be 1.34 nm in a moderate ionic strength aqueous
buffer,®" and the radius of gyration of an IgG-type monoclonal
antibody, 5.2 nm,** can be considered the lower limit for the
radius of gyration of y-globulin. This results in a depletant-to-
protein size ratio of 0.26. Depletion interactions are then short
ranged, and the LLPS is in principle metastable with respect to
the fluid-crystal coexistence.®>®* Furthermore, crystallization is
not an issue given the polyvalent nature of y-globulin and its
broad distribution of isoelectric points. The effective protein-
protein interactions are dominated by a short-ranged attraction
as demonstrated in our previous study.>>

In Fig. 1a we show the state diagram at constant temperature
as a function of protein and PEG concentration. A boundary
separating clear and turbid solutions can be crossed by increasing
PEG concentration at a given protein concentration. Turbid
samples prepared in the vicinity of this boundary fall in a region
corresponding to LLPS, and eventually undergo macroscopic
separation into two transparent liquid phases. Non-equilibrium
states are observed at higher PEG concentrations, as the strength
of the depletion interaction is further increased.

Based on the state diagram, we chose a composition of
110 mg mL™" y-globulin and 10% w/v PEG 1000 to study the
temperature dependence of the phase behavior. Fig. 1b shows
a binodal in the protein concentration-temperature plane.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) State diagram for y-globulin in the presence of PEG 1000 at
21°C. The dashed-dotted line is a boundary between single-phase and two-
phase solutions. The inset shows two typical phase-separated samples
representing the full LLPS and the non-equilibrium gel-like state. The
sample conditions are indicated by the arrows. (b) Binodal of the LLPS for
a parent solution with 110 mg mL™* y-globulin and 10% (w/v) PEG 1000
(sample Il in Table 1). The dashed and the dash-dotted lines are a guide to
the eye for the LLPS binodal and for the glass line, respectively. A parent
solution (star symbol) undergoes a first phase separation at 21 °C (gray
horizontal arrow), resulting in a dilute and a dense phase (diamond symbols).
The green vertical arrow indicates a typical off-critical quench.

Long-lived non-equilibrium states manifest at low temperatures
as clearly gel-like dense phases, indicating the vicinity of the
glass line, which potentially affects the shape of the binodal. The
values of the volume fraction of protein (¢) are also labeled
on the top axis of Fig. 1b. The high concentration branch
of LLPS binodal has a maximum volume fraction about 0.22
(290 mg mL™") which is much lower than that (about 0.35)
for globular proteins as lysozyme* and yg-crystallin.** This differ-
ence may be due to the “Y” shape of these protein molecules.
Studies on monoclonal antibodies have shown a critical volume
fraction of about 0.086, much lower than that for hard sphere
systems or globular proteins.*®®

The compositions of the samples used for USAXS and VSANS
(samples I-1V) are reported in Table 1, together with the compo-
sition of the corresponding parent solutions. In Fig. 1b we show
the composition of sample II, of its parent solution (star symbol)
and of the corresponding dilute phase. The difference in protein
concentration between sample II and the binodal might be due

This journal is © The Royal Society of Chemistry 2017

View Article Online

Soft Matter

to the aging of the protein lyophile. A typical off-critical quench
of the isolated dense phase, as employed in the scattering
experiments, is indicated by the green arrow. During such a
quench, the high protein volume fraction sample undergoes
a further LLPS, which at sufficiently low temperatures can
kinetically arrest due to the interference of the glass transition
of the newly formed majority dense phase.

3.2 Kinetics of phase separation

Samples I-IV (Table 1), selected to study the phase transition
kinetics, lie on the dense branch of the binodal at the prepara-
tion temperature (21 °C). Cooling these samples results in an off-
critical quench, and the samples demix into a new dense phase
(majority phase) and a new dilute phase (minority phase). The
majority phase in these conditions can be brought closer to the
glass line the lower the temperature of the quench, producing a
kinetically arrested state.

Fig. 2 shows the typical USAXS profiles during the initial
stage of LLPS for a temperature quench from 38 to 10 °C of
sample II. The structure factor features a peak with position
¢max, Which increases in intensity and shifts to lower values of g
as coarsening sets in. The initial development of the peak is
better appreciated in the logarithmic plot (Fig. 2b). The first
clearly visible peak occurs after 7.3 s and increases in intensity.
After 11.8 s the intensity decays at high ¢ as ¢ *, indicating that
awell-defined interface is established. In all measurements, the
early “linear” stage predicted by the Cahn-Hilliard model,”>?”
where the peak position is constant and the peak maximum
grows in intensity, is not observed within the time resolution
employed.

Fig. 3 shows USAXS data at intermediate times for the same
sample (sample II), with increasing quench depths (decreasing
temperatures). Lowering the quench temperature from 15 °C to
10 °C results into a slower shift of the peak maximum to low g,
while the intensities of peaks corresponding to the same times

44 3
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o [z
\(E 27 %
—~ ;
) *
= *
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5 10 15 1 10
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Fig. 2 Typical USAXS profiles following the phase separation at early
times (t < 36 s) in (a) linear scale and (b) logarithmic scale, for sample I
undergoing a quench to 10 °C. The peak in the scattering intensity
increases in intensity and moves to lower values of g as the sample phase

separates. The stars mark the assigned peak maxima (see text). The green
line in the logarithmic plot is a g~ slope. Profiles collected every 0.56 s.
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q (um™)
Fig. 3 USAXS profiles collected every 5 s, following the phase separation
at intermediate times (up to t & 5 min) for the same sample as in Fig. 2.
Increasing the quench depth (lower temperatures) slows down the peak
evolution. For the deepest quench, the phase separation arrests and after a
few seconds the peak is stationary. Quenches from 38 °C to (a) 15 °C,
(b) 10 °C, (c) 5 °C and (d) 0 °C.

after the quench are higher. This is consistent with a quench
to a deeper region of the binodal, where the concentration
difference between the two phases is higher, resulting in higher
contrast. Further lowering the temperature of the quench below
10 °C, the growth of the peak severely slows down and its
position becomes almost stationary at later times for the lowest
temperature.

The long-term coarsening behavior was studied by VSANS.
The minimum accessible g is lower (3.7 x 10~* nm "), allowing
to detect the peak maximum even after hours from the start of
the quench. A larger volume can be sampled, and radiation
damage is essentially absent. The exact same samples as for
USAXS, in a light water-based buffer, can be measured using
VSANS. Typical VSANS profiles for samples III (Fig. 4a—c) and IV
(Fig. 4d) are shown at different quench temperatures, with time
resolution of 10 min. Again, for a given composition, it is observed
that lowering the quench temperature leads to the slowdown, and
eventually to the arrest, of the growth. The sample at higher overall
protein concentration features the almost arrested kinetics already
at higher temperatures.

The combination of USAXS and VSANS allows to follow the
evolution of the characteristic length & = 2n/g,.x for more than
three orders of magnitude in time. Fig. 5 shows the evolution of
¢ for sample III at two temperatures. Fig. 5a is relative to a
quench depth featuring a temporary slowdown before a resump-
tion of the phase separation. In this case, USAXS and VSANS data
correspond well. The power law of ¢ ~ ' for diffusive growth
represents reasonably the data after an initial slowdown. At even
later times a hint of a linear growth, & ~ ¢, is visible, indicative of
a hydrodynamic-dominated growth.*> An essentially stationary

8760 | Soft Matter, 2017, 13, 8756—8765
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Fig. 4 Long time structural evolution (up to 120 min) of samples (a—c) IlI
and (d) IV, followed by VSANS while undergoing LLPS. The quench
temperature for each time series is shown next to the corresponding
scattering peak. The sample at higher protein volume fraction shows the
arrested kinetics already at higher temperatures. For all the profiles, data
are integrated every 10 min.
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Fig. 5 Characteristic length as a function of time, jointly showing USAXS
and VSANS data, for sample Ill at two temperatures. (a) Quench to 4 °C.
The continuous line and the dashed line show a ¢ ~ t3and a & ~ t trend
as a guide to the eye. They correspond to a diffusive coarsening and a
possible coarsening with hydrodynamic effect, respectively. (b) Quench to
0 °C. The characteristic length does not grow significantly, and the
mismatch for the stationary ¢ value could be due to a temperature gradient
in the larger VSANS cell.

value of ¢ is confirmed by both techniques for the lowest
temperature probed, a consequence of the dynamical arrest.
The value of the characteristic length, however, is found to differ
between USAXS and VSANS. We ascribe this discrepancy to heat
transmission in the larger VSANS cells, resulting in an effectively
higher temperature for this sample.

This journal is © The Royal Society of Chemistry 2017
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3.3 Temporarily arrested state

The temporal evolution of ¢ as a function of time for all four
samples (I-IV) and for increasing quench depths is shown
in Fig. 6. Sample I (Fig. 6a), having the lowest overall protein
concentration, shows only a minor slowdown of the growth in
the temperature range probed, and a fully arrested state is not
reached. For samples with either higher PEG concentration
(I and III) or higher protein concentration (IV), a significant
slowdown and the arrested kinetics can be observed (Fig. 6¢
and d).

Interestingly, the coarsening behavior visible for intermediate
temperature quenches is not expected. The growth kinetics first
obeys the 1/3 power law, followed by a clearly visible slowdown.
The duration of this slowdown depends on the sample and
on the quench temperature. Then, surprisingly, the coarsening
resumes with a growth exponent again close to 1/3. This non-
monotonic kinetics for the coarsening is observed already at
higher temperatures for samples with higher protein volume
fractions. For sample I, this non-monotonic kinetics is only
observed at the lowest temperatures. For a given sample, the
resumption of the coarsening occurs at later times for deeper
quenches, and eventually is no longer observed within the experi-
mental time window (about 15 min). Furthermore, the growth
exponent during the slowdown decreases with increasing quench
depths as well. Therefore, this coarsening behavior can be described
as a “three-stage” process: an initial coarsening, a slowdown plateau

& (um)

e v A ¢ 4«

100 1000 110 100 1000

t(s)

Fig. 6 Development of the characteristic length as a function of time for
samples | (a), Il (b), Il (c), and IV (d), as extracted from time-resolved USAXS
experiments. The dashed lines represent a ¢ ~ t¥3 growth law. Higher
protein volume fraction samples feature a stronger deviation from the
classical coarsening behavior, up to temporary and long-lasting arrest, for
a given temperature range.
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and a resumption of the coarsening. We thus denote the
conditions featuring this type of kinetics as being in a tem-
porarily arrested state. This behavior can be appreciated for
instance in Fig. 6 for sample III at 4 °C or sample IV at 6 °C, with
the latter showing clearly a temporarily arrested state between
30 s and 100 s from the start of the quench. Another interesting
observation in Fig. 6 is that the values of ¢ at the early stage
(for t < 10 s) seem to increase for increasing quench depth.
This observation is at variance with previous results on lyso-
zyme where ¢ decreases for increasing quench depths.*> We
speculate that, for very deep quenches, diffusion-limited fractal
aggregation might start to play a role, affecting the mechanism
for dynamical arrest.'® Further studies are desirable to experi-
mentally determine the transition from the deeply quenched
LLPS to the aggregation regime.

To quantify the growth kinetics, growth exponents were
extracted in the 30-90 s time range, in which the slowdown
stage is seen for all samples. The exponents are summarized in
Fig. 7, as a function of the quench depth AT, defined as the
difference between the temperature at which the samples cross
the binodal (21 °C) and the quench temperature. For sample I,
the exponent is initially constant (x0.3), then it decreases
almost linearly with increasing AT. For the other three samples,
the growth exponent also starts with a value around 0.3 and
decreases immediately as the quench depth is increased. How-
ever, for these samples (II-IV), for AT > 17 °C, the decrease of the
exponent becomes slower, approaching final values <0.05. These
results show that the transition from the full phase separation to
the arrested phase separation is smooth. An analogous gradual
decrease of the growth exponent was reported for colloid-polymer
mixtures approaching gelation.>”*° It is worth noting that the
slowdown at intermediate times does not correspond to the
early stage kinetics of spinodal decomposition where a growth
exponent as low as of 1/6 can be expected.'”®® In our case, a
typical coarsening with a growth exponent of 1/3 occurs before
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Fig. 7 Growth exponents as a function of the quench depth AT, defined
as the temperature difference between the binodal and the quench
temperature T: AT = 21 °C — T. For all the samples and temperatures,
the &(t) curves were fitted in the range 30 s to 90 s, which excludes the
initial stage and the resumption of the coarsening for the deeply quenched

samples. Higher dense phase volume fractions generally result in slower
growth at a given temperature. The dashed lines are a guide to the eye.

Soft Matter, 2017, 13, 8756-8765 | 8761


http://dx.doi.org/10.1039/c7sm01434a

Published on 06 November 2017. Downloaded by EUROPEAN MOLECULAR BIOLOGY LABORATORY on 14/12/2017 10:14:06.

Soft Matter

T T T T T T T

2] ]

] 110°
-] Jo? ©
~—" 1— ] 1 -

—:10 C
e 1 E o
| o&ngj & Invariant, Q*]4g0

_ o £(T=4°C) |

T |||||||| T |||||||| T ||||||ll
1 10 100 1000

t(s)

Fig. 8 £(t) for sample Il quenched to 4 °C, overlaid with the time evolution
of a Porod-like scattering invariant, Q*, calculated with an integration range
1.8 to 30 pm~1. @* remains constant as the coarsening resumes. A constant
Q* also argues against major gravity-driven collapse, as it also implies
constant relative volume of the two phases.

and after this slow down. During this temporary slow down, the
system may behave like a “transient gel”.%”

For better understanding the resumption of the coarsening,
we calculated a Porod-like scattering invariant, as shown in Fig. 8
together with £(¢), for sample III quenched to 4 °C. The invariant
is calculated as Q* = fi:qzldq, with @ and b the lowest and
highest g values chosen to define the integration range (here
1.8 to 30 um ). This approximates the Porod invariant Q, which,
for a two phase system, can be shown to be®® Q = 2n%¢p(1 — ¢)Ap>
where Ap is the scattering contrast, related to the concentration
difference in the two phases, and ¢(1 — ¢) is the product of the
volume fractions occupied by the two phases. The invariant
suggests that the final composition compatible with the quench
temperature is reached at the initial stage and maintained
throughout the three-stage coarsening. This implies that the
increase of ¢ at the late stage is purely a coarsening phenomenon,
changing only the spatial distribution of the two phases. Their
relative amounts and concentrations stay constant, regardless
of whether the final composition corresponds to equilibrium or
to an arrested non-equilibrium state.

4 Discussion

Our experiments show a clear slowdown of the growth kinetics
for deep off-critical quenches in the LLPS binodal. Sufficiently
deep quenches determine a substantially arrested phase separa-
tion kinetics. The growth exponent at the intermediate stage
decreases with the quench depth as shown in Fig. 7. In the
deeply quenched regime, where the exponents are below 0.05,
the system is in a gel-like arrested state. In analogy with colloidal
systems,’® we expect in this case the volume fraction and
interactions in the dense phase to be such that the overall
dynamics is dominated by the global dynamics of the individual
proteins in the dense phase. A novel coarsening behavior
becomes evident at quench depths intermediate between full
phase separation and dynamical arrest. In a previous study™**

8762 | Soft Matter, 2017, 13, 8756—-8765

View Article Online

Paper

we investigated the kinetics of LLPS and dynamical arrest in
a different protein system in which short-range attractive
interactions were induced by addition of YCl;, resulting in a
LCST-LLPS. In that study we occasionally observed for inter-
mediate quench depths an analogous growth kinetics featuring
slowdown and a resumption of the coarsening. One example
is shown in Fig. S1, ESI,{ of the present work. This peculiar
coarsening, present both in a LCST and in a UCST system, is
then probably not affected by the details of the interaction.
Instead, it may be a rather general phenomenon.

Therefore, the physical mechanisms underlying the novel
three-stage coarsening and the temporary arrest deserve a
further discussion. We will in the following describe two
possible mechanisms for the observed growth kinetics, which
may not be mutually exclusive.

The first possible mechanism to be considered is the
temporarily arrested state exhibiting still a slow intermittent
dynamics, with residual coarsening resulting from the relaxa-
tion of mechanical stresses in the aging (glassy) majority
phase.*™®® Here we assume that the dense phase has retained
a network-like structure from the early stage of the spinodal
decomposition, characterized by weak points in its connectivity.
This slow growth would then be rapidly accelerated again when &
reaches the capillary length®® resulting in gravitational collapse
and further coarsening of what is left of the original network.
Transient gelation and gravitational collapse have been observed
in both long®**” and short-range attraction®® colloid-polymer
mixtures. In the case of the y-globulin/PEG 1000 system, on the
other hand, there are three results arguing against a major
gravitational collapse. First, the coarsening resumes rather
gradually. Second, the spinodal “ring” (corresponding to the
correlation peak) in the 2D scattering pattern does not dis-
appear and remains isotropic (Fig. S2, ESIt), in contrast with
previous findings on collapse.**** Third, the scattering
invariant (shown in Fig. 8) does not decrease during the
resumption of the coarsening, as instead would be expected
for a removal of dense phase from the scattering volume due to
sedimentation. Nevertheless, we cannot completely exclude the
relaxation of stresses under gravity as having a role in the
observed three stage coarsening.

The second possible mechanism is specific to off-critical
quenches. In this case the morphology at later stage is assumed
to consist of droplets of minority phase dispersed in a glassy
matrix. A droplet morphology can also emerge from initially
network-like structures.® Two-dimensional simulations® including
a concentration-dependent mobility in the Cahn-Hilliard equation
resulted in a glassy majority phase surrounding more dilute
droplets. This system still undergoes coarsening, by apparent
migration and coalescence of the enclosed droplets. This move-
ment is based on dissolution of the glassy matrix on one side of
the dilute droplet and deposition on the opposite side. This
implies a certain degree of heterogeneity of the glassy matrix.
Strikingly, this coarsening mechanism results in a three-stage
behavior rather similar to the one presented in the present
work. In the simulation, the three-stage coarsening is more or
less pronounced depending on the choice of the functional
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form of the mobility function, in particular of how it approaches the
glass transition. This interpretation stresses the role of interfaces for
the dynamic of fluid inclusions in non-ergodic matrices. Indeed,
even for liquid lead inclusions moving in crystalline aluminum an
analogous mechanism of dissolution and coalescence has been
reported.”””" It is worth noting that although these results are
relative to 2D systems, a similar mechanism mediated by higher
mobility at the interface may apply also in 3D systems and provide a
mechanism for coarsening in the arrested state.

A picture which could potentially combine the coarsening
via interface-enhanced mobility with the aging and collapse
scenario is provided in a confocal microscopy study of colloid—-
polymer systems with medium and long range attractive
interactions.* In this study, the authors also found a gradual
decrease in growth exponents when increasing polymer concen-
tration, approaching dynamical arrest. While a resumption of
the coarsening such as the one found in the present work was
not observed, a locally enhanced mobility for particles at the
network interface was seen in arrested samples, by tracking the
local dynamics of the colloids. It was suggested that the higher
mobility could be promoted by the relaxation of mechanical
stresses. In addition to the kinetic information reported in our
work, further studies of the dynamics of the proteins approaching
the arrested state would certainly benefit the understanding of
these phenomena.

5 Conclusions

We have presented a systematic study on the kinetics of LLPS in
a protein-PEG system exhibiting UCST phase behavior. USAXS
and VSANS allow to access a broad range of time and length
scales and to follow the phase transition kinetics. Solutions of
bovine y-globulin in the presence of PEG 1000 can be quenched
to a two-phase state by lowering the temperature. For sufficient
protein concentration and sufficiently deep quenches arrested
LLPS is obtained due to the interplay of the LLPS binodal with
glass formation. Based on the results on the kinetics presented
above, we can reach the following main conclusions.

Firstly, the growth kinetics of the characteristic length ¢
strongly depends on the quench depth: for shallow quenches it
follows the classical diffusive coarsening ¢ ~ t*°, while for
deep quenches the value of ¢ is almost stationary and the phase
separation can be considered arrested. The kinetics can be slowed
down by lowering the temperature or increasing the overall
protein and PEG concentration. For intermediate quench depths,
we observe a three-stage growth kinetics, i.e. an initial coarsening
followed by a slowdown plateau, then by a resumption of the
coarsening. The system following this type of growth kinetics
can undergo a temporarily arrested state.

Secondly, we note that this growth behavior also exists in a
BSA-YCI; system exhibiting a LCST phase behavior, suggesting
a rather universal growth kinetics in systems approaching the
arrested state. The temporary nature of the arrested state is
most likely due to the asymmetric (off-critical) quench. In this
case the minority phase is the dilute phase, which can still
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coarsen trough the glassy majority phase. This is consistent with
earlier simulation results, while a role of aging and collapse
cannot be completely ruled out.

Finally, despite the potential mechanisms discussed in this
work, our understanding of the temporarily arrested state at the
molecular level is far from clear. Migration-coalescence through
a glassy phase, intermittent coarsening, aging and collapse may
all contribute to different extents to the global kinetics observed.
We hope that our experimental study will inspire further efforts
for a full theoretical understanding.
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