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Abstract: Liquid—liquid phase separation (LLPS) is essential to
understand biomacromolecule compartmentalization in living
cells and to form soft-matter structures for chemical reactions and
drug delivery systems. However, the importance of detail
experimental phase diagrams of modern LLPS systems tend to
be overlooked nowadays. Even for poly-L-lysine (PLL)/ATP
system, one of the most widely used LLPS models, detailed
phase diagram of LLPS have not been obtained. Herein, we
report the first phase diagram of the (PLL)/ATP system and
demonstrate the feasibility of phase-diagram based research
design not only for understanding the physical properties of LLPS
systems but also for realizing biophysical and medical
applications. We established an experimental handy model of the
droplet formation/disappearance process by forming a
concentration gradient in a chamber as extracting a suitable
condition on the phase-diagram including the two-phase droplet
region. As a proof of concept of pharmaceutical application, we
added a human immunoglobulin G (IgG) solution to PLL/ATP
system. Using the knowledge of the phase diagram, we enabled
to form IgG/PLL droplets clearly in the pharmaceutically required
IgG concentration of ca. 10 mg/mL. This study provides a
guidance for using the phase diagram to analyze and utilize LLPS

Liquid-liquid phase separation (LLPS) of
biomacromolecules!'® such as DNA, RNA, and proteins plays
key roles in sophisticated biological processes in real cells,
including transcription,! compartmentalization of multiple
enzymes, stress response,l’l and enzymatic reactions.®9
LLPS induces the formation of three-dimensional sphere-
shaped dense structures dispersed in dilute phase,!"-'% which
are called LLPS droplets or simply droplets. The peculiar
physical states of LLPS droplets are responsible for processes
such as reactant accumulation, compartmentalization of
several enzymes, activation and deactivation of enzymatic
activities,®! and maturation of proteins into gels or fibrils.[®!
Therefore, developing experimental models of
biomacromolecule LLPS droplets to perform biophysical
analysis in vitro have been desired.

The poly-L-lysine/adenosine-5-phosphate  (PLL/ATP)
system is a widely used in vitro model of LLPS. Mixing PLL
and ATP solutions in an adequate ratio and concentration
causes phase separation,[''l enabling the constitution of
membrane-less organelles,['213 coacervate organelles in
liposomes,['41% the design of sequential enzymatic reactions
in  droplets,l' and the investigaton of droplet
formation/disappearance related to enzymatic reactions!'6:'7]
and pH sensitivity of droplets in model cell membranes.['®]
Although the experimental conditions for droplet formation
have been investigated,[':1319], the LLPS phase diagram for
the PLL/ATP system has surprisingly not been reported to
date. Especially, high-concentration conditions like in cytosol
or nuclei have not been studied, despite the relevance of the
LLPS behavior in high-concentration regions such as
reentrant LLPS regions.['®! Moreover, the PLL/ATP system is
a good model of phase separation of proteins and nucleic
acids in living cells.

Herein, we report the first LLPS phase diagram of the
PLL/ATP system from low to high concentrations. The
previously overlooked information on the physical behavior of
LLPS systems provides new insights into the design of
chemical systems related to LLSP droplets and the role of
LLPS droplet formation in the biophysics and chemical biology
fields. We performed microscopic assays in a silicon sheet
chamber on a slide glass to observe the LLPS behavior in
detail. We also examined the NaCl resistance of LLPS
droplets in the PLL/ATP system, where droplets formed by
oppositely charged biomolecules usually dissolve under high
salt concentration. By reconstructing component gradient as
across the two-phase droplet region on phase diagram in a
chamber, we built a model of the nonequilibrium droplet
formation/disappearance process based on direct microscopy
observation. The phase diagram is also important in the
preparation of antibody-containing coacervates for
constructing antibody drug delivery systems (DDSs).?%

First, we constructed a phase diagram of the PLL/ATP
system by changing the concentration of PLL and ATP (Figure
1) from 0 to 100 mg/mL and from 0 to 1 M, respectively, as
shown in Figure 1A. The value of vertical and horizontal lines
was a final concentration of a 1:1 mixture of these two
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Figure 1. (A) Phase diagram of the PLL/ATP system. Circle points indicate the formation of droplets and cross points indicate the absence of droplets.
Phase-separated region is shown in blue. (B) Pictures of the PLL/ATP mixture under the conditions of the phase diagram.

solutions. The phase diagram clearly shows the boundary of
the visible LLPS droplet formation area. Figure 1B shows
photographs recorded under the conditions of each point of
the phase diagram.

PLL/ATP droplet formation is associated with the charge
correlation between cationic protonated lysine and anionic
deprotonated phosphoric acid of ATP. PLL/ATP droplets
dissolve by adding ions such as NaCl; hence, it is worthwhile
to investigate the phase diagram of PLL/ATP system with ions.
We studied the formation of droplets in the presence of NaCl
using ATP solutions containing NaCl at concentrations of 31.3,

solution in a 1:1 ratio to construct the phase diagrams shown
in Figure 2. The boundary region of the droplet formation
phase turned to a non-droplet phase even with only 31.3 mM
NaCl, and the droplet phase region decreased as the NaCl
concentration increased until showing no droplet formation at
a NaCl concentration of 500 mM. These results are the first
evidence for the dependence of the salt resistance of droplets
on the salt concentration, indicating that the boundary area
and the bottom area of the original phase diagram showed the
weakest and the strongest resistance, respectively.
Generally, researchers have focused on the difference
between droplet and non-droplet phases but have overlooked
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Figure 2. Top: LLPS phase diagrams of the PLL/ATP system in the presence of various NaCl concentrations. Droplet formation areas are highlighted
in green. Bottom: pictures of the PLL/ATP system under the conditions of each phase diagram. Droplets are enclosed by the green lines.
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the difference in the droplet characteristics depending on the
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Figure 3. Phase-diagram-based modeling of nonequilibrium formation/disappearance process of droplets. (A) Phase diagram of PLL/ATP system and

focused area enclosed by the line. (B) Schematic image of droplet life in real

cells. Droplets are generated in a nonequilibrium process and are stable

for a while until disappearing. (C) Experimental system of the observation of droplet formation, stable phase separation, and disappearance in one
chamber according with the ATP and PLL concentration gradients. (D) Droplet formation with increasing ATP-to-PLL ratio. The boundary of droplet

area and one-phase solution area corresponds to the boundary of the two-

generated at around boundary region. The droplets moves to the side of high

phase region of the PLL/ATP phase diagram. Many small droplets are
concentration of ATP. (E) Stable phase separation area containing many

stable droplets that appear motionless. (F) Droplet disappearance with the ATP and PLL concentration gradients. The boundary of the droplet and
non-droplet areas corresponds to the domain boundary of the two-phase region of the PLL/ATP diagram. (G) Time course of droplet formation. Large

droplets (yellow arrows) move to the side of high concentration of ATP.

component ratio. Our results suggest that the characteristics
of the droplets formed via LLPS vary with the conditions. This
data showed that droplets formed in a cell have various
characteristics depending on the local concentration of
macromolecules and droplets even from the same
components could behave various way to outward stimulus
like stress and/or accumulation of metabolites Careful
obtaining of phase diagram of LLPS would provide such
information

Next, according to the phase diagram, we established an
experimental system to observe the nonequilibrium process of
droplet formation and disappearance, which occurs in real
cells (Figure 3, S1, Supplemental movies 1 and 2). We used
an ATP and PLL concentration gradient in a chamber to mimic
all phase boundaries and inner and outer areas of the two-
phase diagram shown in Figure 3A to model the
nonequilibrium process of the droplet life (Figure 3B).

In a real cell, droplets are generally generated under
stimuli such as protein expression, accumulation, RNA

translation, and epigenetic DNA modification and serve as
reaction fields and for material storage.l®222 Then, their
disappearance is triggered by unknown reasons (Figure 3B),
although local temperature changes or accumulation of
metabolic products have been proposed as responsible.['5:23-
25]

The droplet formation/disappearance process s
essentially a nonequilibrium process. Some theoretical
studies and molecular dynamics simulations have addressed
this dynamic process; 26-28 however, experimental models to
reproduce the droplet formation/disappearance process in
vitro are scarce.

Using the phase diagram of the PLL/ATP system, we
established a model system to reproduce the droplet
formation/disappearance in a chip (Figure 3A and 3C). We
filed a small chamber with a PLL/ATP solution mixture
containing no droplet and then added an ATP solution gently
from one side of the chamber. Concentration gradients and a
boundary between the one-phase and two-phase regions



formed naturally. Observation of the boundary helps predict
the droplet formation/disappearance in the chamber.

On the boundary at the lower ATP concentration side,
small droplets were generated from the boundary and
continuously larger on the right side (Figure 3D, supplemental
movie 1). As the two solutions mixed, the boundary itself also
moved gradually toward the PLL injected side (supplemental
movie 2). Large droplets fell on the bottom slide glass of the
chamber and expanded there. At the center of the chamber,
droplets were stable (Figure 3E).

In contrast, the disappearance of droplets was observed
near the opposite side boundary (Figure 3F). Large droplets
moved toward the ATP-rich area and then disappeared
(Supplemental movie 2). Larger droplets moved faster (Figure
3G), indicating that the velocity of droplet movement depends
on the droplet radius (Figure S1A). Although the reason for
the droplet motion remains unclear, this observation suggests
that the motion of larger droplets stems from Marangoni
convections on the droplet surface, while smaller droplets flow
with the diffusion of ATP from the less viscous ATP solution to
the PLL-rich direction. Our analysis suggests that the speed
correlates with the droplet radius (Figure S1B) and it
supported the occurrence of Marangoni convection in our
system.??] Note that some very small droplets moved in the
opposite direction, against the ATP concentration gradient.
Thus, we concluded that the smalls flowed with the usual

diffusion of ATP toward low-concentration regions
(Supplementary movie 2).
This  observation-based phase-diagram  modeling

constitutes the profitable strategy to construct experimental
handy model of the nonequilibrium process of droplet
formation/disappearance, which could be applied to outward
materials such as proteins, nanomaterials, and their
complexes for the analysis of their interference on the LLPS
process in real cells.

Droplets have gathered attention as a new category of
DDSs.[20:30 |n particular, the incorporation of immunoglobulin
G (IgG), which is widely used as a component of antibody
drugs, is an emerging demand.®'32 Recently, LLPS-induced
IgG-FcB(L17E) condensates were proposed as a new DDS
carrier of antibody drugs to increase cytosolic delivery
activity.?% To evaluate the applicability of our phase-diagram-
based droplet design in medicine, we prepared IgG droplets
by adding an IgG solution to the PLL/ATP mixture and
monitored the formation of IgG droplets, dispersions, or
aggregates (Figure 4, Figure S2). After mixing ATP and PLL
solutions, we added and mixed a 1/10 volume of a 100 mg/mL
IgG solution containing ca. 1% of rhodamine-labeled
fluorescent IgG for observation.

Going straight to the point, upper one-phase region was
suitable area to incorporate IgG to PLL/ATP system droplets.
Surprisingly, no incorporation of IgG into PLL/ATP droplets
was observed in the original two-phase region, whereas in the
PLL richer area, which originally showed no phase separation,
IgG droplets were formed (Figure 4A). PLL was located
according to its autofluorescence, which results from the inter-
and intra-hydrogen bonding network of PLL molecules.[3334
IgG molecules dispersed or aggregated in almost all of original
two phase (Figure S2). As an exception, at an ATP final
concentration of 0.14 M, IgG molecules were gathered on the

droplet surface, causing PLL/ATP droplet aggregation (Figure
4B and S2).

In the PLL-rich area, the upper region in the original two-
phase area, IgG formed clear droplets with PLL (Figure 4C).
Interestingly, the droplets formed a double layer at low ATP
concentrations (e.g., in 0.04 mM ATP solution) but a single
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Figure 4. IgG incorporation in PLL/ATP droplets. (A) Phase diagram of
PLL/ATP system after addition of 10 mg/mL 1gG. The blue area
indicates the phase separation area of the original PLL/ATP system.
The black and gray dots are observed points. The brown dotted line in
the phase diagram corresponds to panel B, and the black straight line
corresponds to panel C. (B) IgG accumulation on the surface of
PLL/ATP droplets in the inner part of the original phase separated area.
PLL was monitored by its autofluorescence. BF indicates bright-field
microscope images. (C) IgG droplet generation in the upper region from
the original phase-separated area. PLL final concentration was 95
mg/mL. IgG and PLL were colocalized in single- and double-layer
droplets generated upon adding IgG at PLL 95 mg/mL condition.
layer at high ATP solutions. PLL was located in IgG-rich areas
in both single- and double-layer droplets.

These data indicate that phase diagrams can be used to
design droplet-based systems. In this example of IgG
embracing, we had to utilize the originally one-phase condition.
By contrast, the two-phase condition in the phase diagram
only formed the aggregation of IgG (Figure S3). They
indicated that a previous grasp of a phase diagram and
focused on one phase region upper the phase diagram is
profitable to generate droplets with additional proteins. This is
a good example to tell us the significance of depicting the
phase diagram carefully before applying an LLPS system to
advanced applications. LLPS droplets are related not only to
biophysics®® but also to synthetic biology and chemical
biology for material production,['s! analysis of droplet-enzyme
formation,[®'536] and medicinal applications.?%371 Gaining
insight into the formation/disappearance and behavior of
droplets is essential for the rational design of systems related
to LLPS droplets. Other few examples of experimental phase
diagram observation for the study of LLPS also have shown
informative insights.l'938-401 |n this study, we developed a
phase-diagram-based approach to understand and predict



LLPS systems for biophysical and biochemical applications.
Using a classical PLL/ATP system, we constructed a LLPS
phase diagram and investigated the concentration
dependency of the salt resistance of PLL/ATP droplets for the
first time. Then, we applied the phase diagram to the
development of a model to predict the droplet
formation/disappearance dynamics, which has potential
application in the fields of biology and physics. We also
revealed that the antibody incorporation into droplets can be
predicted according to the phase diagram. For instance, the
conditions of the upper area of the two-phase region in the
phase diagram of the PLL/ATP system were suitable for IgG
incorporation.
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