Surface electrostatics govern the emulsion stability of biomolecular condensates
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Abstract

Liquid-liquid phase separation underlies the formation of biological condensates. Physically, such
systems are microemulsions which in general have a propensity to fuse and coalesce; however, many
condensates persist as independent droplets inside cells. This stability is crucial for their function, but the
physicochemical mechanisms that control the emulsion stability of condensates remain poorly understood.
Here, by combining single-condensate zeta potential measurements, optical microscopy, tweezer
experiments, and multiscale molecular modelling, we investigate how the nanoscale forces that sustain
condensates impact their stability against fusion. By comparing peptide-RNA (PR2s:PolyU) and
proteinaceous (FUS) condensates, we show that a higher condensate surface charge correlates with a lower
fusion propensity. Moreover, measurements of single condensate zeta potentials reveal that such systems
can constitute classically stable emulsions. Taken together, these results highlight the role of passive

stabilization mechanisms in protecting biomolecular condensates against coalescence.
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Introduction

Solutions of multivalent macromolecules, especially disordered proteins and nucleic acids, have the ability
to undergo demixing through liquid—liquid phase separation (LLPS) (1, 2). LLPS enables the formation
of condensed liquid droplets, which coexist with a dilute aqueous phase (3-5). In living cells, LLPS has
been shown to underlie the formation of biomolecular condensates, which function as membraneless
organelles. This process provides a mechanism for the spatiotemporal control (6) of several vital processes
(7), including RNA processing and stress signaling (8, 9). Moreover, aberrant LLPS, often involving
liquid-to-solid transitions, has been implicated in the emergence of various neuropathologies, age-related

diseases, and cancer (10-12).

Biomolecular condensates are highly diverse systems, both in terms of composition, size, and
behavior. Not only is the range of different proteins and nucleic acids that can undergo LLPS both in vitro
and in cells vast (8, 10, 13), but mounting evidence also suggests that the detailed chemical nature of the
interactions that drive these diverse systems to phase separate spans a range of charge—charge, cation—,
n—, polar, hydrophobic, and even hybrid interactions (2, 14, 15). A unifying feature of intracellular LLPS
is that, in most if not all cases, condensate formation is driven by a combination of both electrostatic and
non-ionic interactions; the balance of these forces is determined by the molecular nature and surrounding

microenvironment (15).

In addition, biomolecular condensates exhibit a significant variation in their fusion and
coalescence propensities, with broad functional implications (16-18). For instance, processes like stress
adaptation and signaling (7, 19) depend on the ability of phase-separated liquid drops to remain stable
against fusion for varying periods of time that range from seconds to hours. In other cases, such as the
nucleoli, fusion of droplets into a single condensate phase may be critical for clustering of RNA and
subsequent functionality (20). Previous work has suggested that active chemical and biological processes
in cells may operate to prevent droplet coalescence (21). Observations of liquid condensates coexisting in
vitro without undergoing fusion also suggest that passive mechanisms exist which prevent condensates
from fusing and clustering (22—24). These examples motivate the question to what extent passive forces
might sustain condensate stability and impact their propensity to coalesce or to remain stable against

fusion in the cell.

Physically, biomolecular condensates are water-in-water emulsions with a very low surface

tension, similar to other polyelectrolyte coacervates or colloidal assemblies (21). A specific quantity of



interest to describe the stability of such emulsions against coalescence, coagulation, and clustering is their
zeta potential (25-27)—the electrical potential at the edge of the interfacial double layer of ions and
counter-ions near the surface of any charged particle (Figure 1A) (28, 29). Low absolute values of the zeta
potential, typically smaller than 30 or 40 mV depending on the nature of the molecules making up the
emulsions, tend to be associated with unstable emulsions constituted from droplets that fuse (30, 31),
while high absolute values of the potential result in stability against fusion (32, 33). Based on these
observations, we sought to examine if the zeta potential of protein condensates, as a passive stabilization
mechanism, could be established as a parameter to assess and predict the propensity of condensates to
fuse and coalesce spontaneously, and to infer electrostatic properties of condensate surfaces. Moreover,
we aimed to rationalize how mesoscale zeta potential values emerge from the distribution and molecular

organization of proteins, water, and ions in and around condensates.

To this end, we devised a microfluidic approach that enables measurement of zeta potentials at the
resolution of individual condensates. We correlated these measurements with the propensity of
condensates to fuse and coalesce using light microscopy, as well as optical tweezer experiments. To
further enlighten our molecular understanding of the experimental observations, we developed a
multiscale molecular modelling strategy that equilibrates protein condensates at coarse-grained resolution
and then back-maps them to the atomistic level. We show that zeta potentials obtained for a range of
biomolecular condensates, including a dipeptide proline-arginine condensate system (PR2s) phase
separated with polyuridine (PolyU) and the protein fused in sarcoma (FUS) including a pathogenic variant,
correlate well with their propensity to fuse, coalesce, and cluster, as observed by light microscopy and
tweezer experiments. Our multiscale molecular dynamics simulations link these fusion propensities to the
modulation of the surface tension of condensates via surface electrostatics. These results establish the zeta
potential as a fundamental quantity to infer the tendency of biomolecular condensates to fuse and coalesce
and rationalize it from the molecular organization of charged species in the system.

Results and Discussion

Single-condensate zeta potential measurements. To quantify the zeta potential of biomolecular
condensates experimentally, we developed a single-particle microfluidic approach based on free-flow
electrophoresis (WFFE) using a 3D device, that enables in-solution quantification of zeta potentials with
single-droplet resolution (Figure 1B—D). uFFE has been previously used for the measurement of protein

charge (34, 35) and the separation of proteins and nucleic acids (36). The experimental approach is



illustrated in Figure 1B-D. In short, condensates are subjected to an electric field perpendicular to their
flow and from their displacement velocity we obtain their electrophoretic mobility which is correlated
with zeta potential (Figure 1C) (additional description in Supporting Information). In this manner, zeta
potential distributions from measurements of thousands of individual condensates may be obtained within
a few minutes (Figure 1D). This approach provides the high resolution which is especially important for
samples that are poly-dispersed both in zeta potential and size, as is the case for liquid biomolecular

condensates.

Using our method, zeta potentials were acquired for three different biomolecular condensates. We
first focused on a dipeptide repeat derived from the hexanucleotide repeat expansion in the chromosome
9 open reading frame 72 (C9orf72), implicated in amyotrophic lateral sclerosis (ALS) (37, 38). The
peptide used consisted of 25 repeats of the dipeptide proline-arginine (PR2s). This type of peptide is well
known to phase separate when mixed with negatively charged polymers (4, 38), including single-stranded
RNA consisting of 2500-3500 bases of uridine (PolyU). Additionally, the protein fused in sarcoma (FUS)
was studied. FUS is a widely expressed RNA-binding protein that has been shown to phase separate and
has been correlated with ALS phenotypes, it is especially toxic when it forms aggregates in the absence
of RNA (39-41). We also studied the disease related mutant FUS G156E, which is known to have a faster
transition from the liquid-condensed state to the solid state (10). Both FUS variants were expressed with
a C-terminal EGFP fluorescent protein tag for visualization purposes. The proteins and the peptide:RNA
system typify two distinct classes of condensates: those formed via homotypic interactions (e.g.,
multivalent interactions between the disordered regions and domains of FUS (42)), and those sustained
by heterotypic interactions (e.g., the association of polyanions and polycations in the PR2s:PolyU system

through complex coacervation (43)).
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Figure 1. Overview of the microfluidic platform for quantifying single-condensate zeta potentials. (A) Schematic of the
zeta potential of a protein condensate, which is the electrical potential at the edge of the ion layer surrounding a particle, denoted
by the dashed lines. (B) Schematics of the uFFE device used to carry out the single-droplet zeta potential measurements. Phase
separated droplets were introduced into the 3D free-flow electrophoresis device through a central injection port, preventing any
contact between the condensates and the surface of the channel. The condensates were then deflected by applying a constant
voltage and positions quantified as a measure of electrophoretic mobility to calculate zeta potentials. (C) Left panel: Overlaid
images from multiple voltage applications in the range from 0-80 V, depicting individual protein condensates as they move
through the image frame. Right panel: Tracked coordinates of detected condensates at each voltage in the range between 0 and
80 V; these coordinates were used to calculate the zeta potential (see Supporting Materials and Methods). (D) Each individual
condensate was analyzed to yield single-condensate zeta potential distributions, represented as the sum of all obtained
measurements across all voltages applied. Cityscapes at the bottom of each filled histogram are histograms derived from single
voltage measurement.

Each of the phase separating systems was assessed using WFFE to determine zeta potential
distributions from thousands of individually probed biomolecular condensates. Figure 2A-C shows the
range of zeta potentials obtained across the different protein condensates, as given by their mean values
(w), and their degree of heterogeneity, as assessed by the standard deviation of the distributions (¢). The
trend of absolute zeta potentials of the condensates from largest to smallest was PR2s:PolyU > FUS wild
type > FUS G156E, with mean zeta potential values ranging from —40.6 mV to —-15.0 mV. The

distributions also showed that the condensates are poly-dispersed in zeta potential, as evidenced by the



tails of the distribution. Further analysis revealed that the condensate systems are poly-disperse in size;

yet there is no distinct correlation between zeta potential and size (Figure S3).
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Figure 2. Single-droplet zeta potential measurements of biomolecular condensates and observations of condensate
stability from epifluorescence and phase-contrast microscopy. Histograms of single condensate zeta potential
measurements for (A) PRzs:PolyU, (B) FUS wild type, and (C) FUS G156E condensates. Histograms were obtained from all
measurements taken on a particular condensate system across all voltages applied, as illustrated in Figure 1. Solid line
distributions in each panel at the bottom of each filled histogram represent a collection of measurements from a single replicate
at a particular voltage value, while the larger filled distribution represents the sum of >5 replicates of each system. Mean, y,
and width, o, of distributions as well as number of droplets, n, probed are given. Dashed lines indicate boundaries for stable
and unstable dispersion with zeta potential cut-offs at —30 mV (25, 31). (D, E) Images of PR2s:PolyU condensates from phase
contrast microscopy, (F, G) FUS wild-type condensates from phase contrast and epifluorescence microscopy, and (H) FUS
G156E condensates from epifluorescence microscopy. All scale bars are 3 pm.

Correlating condensate zeta potential with fusion propensity. Since zeta potential is a key parameter
in determining the passive stability of emulsions against droplet coalescence or fusion and clustering (27,
32), we next assessed the fusion propensity of PRzs:PolyU and FUS condensates by monitoring droplets
merging using light microscopy (9, 38). We observed that PR2s:PolyU condensates remain stable against



fusion (Figure 2D,E), as has been previously reported (38) while FUS wild type condensates rapidly fuse
and cluster within seconds to minutes after mixing (Figure 2F,G), in line with previous observations (10).
Similarly, FUS G156E condensates rapidly fuse together within minutes after phase separation
(Figure 2H). These observations indeed support a correlation between zeta potential and a barrier to

condensate fusion.

We further investigated the fusion propensities using dual-trap optical tweezers (10, 14) (Figure
3). In these experiments on our two test systems, PRzs:PolyU condensates showed a higher resistance
against fusion compared to FUS wild type condensates. Whereas FUS condensates fused immediately
upon contact, PR2s:PolyU condensates required an additional force to initiate a fusion event, indicating
the presence of a repulsion between the condensates. This characteristic is evident in images of moderately
deformed PR2s:PolyU droplets just before fusion, and a dip in force measurements from optical tweezer
experiments suggesting an increased repulsive force (Figure 3A). This repulsion was absent in FUS
condensates. These observations correlate well with the findings that PR2s:PolyU condensates have a
greater absolute zeta potential compared to FUS, and thus show that a greater absolute zeta potential
indeed correlates with an increased barrier to fusion. Interestingly, although there seems to be a higher
energy barrier to initiate droplet fusion in PR2s:PolyU condensates (Figure 3B, bottom panel), once
started, fusion proceeds much faster for PR2s:PolyU condensates than for FUS wild-type condensates
(Figure 3B, top panel), suggesting that there is no correlation between the barrier to fusion and the fusion
rate. These findings also show that both condensate systems tested are able to fuse and relax back to
spherical structures, supporting that these are both liquid condensate systems whose fusion propensities
are dictated by the surface features and not necessarily by their viscoelastic properties, as is the case for

condensates in other conditions (10, 44).
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Figure 3. Assessment of condensate stability in controlled coalescence experiments by optical tweezer measurements.
(A) Example traces of controlled droplet fusions using optical tweezers of FUS wild-type and PR2s:PolyU droplets, together
with model fits (magenta) and corresponding residuals. Raw data for individual fusion events are shown as grey points and
smoothed signals as colored lines. Only 5% of the raw data is displayed for visualization purposes. For each condition,
representative images before fusion, at the onset of fusion, and after fusion are shown. PR2s:PolyU droplets exhibited a clear
indentation (white arrow) before fusion is initiated. All scale bars are 3 um.. A significant deviation from the standard fusion
model, as illustrated by the dip in the residuals, reflects an energy barrier to be overcome to induce PRs:PolyU droplet fusion.
We used a window of 15 seconds before fusion onset to quantify the maximum deviation from the model (colored data points).
(B) Top panel: Size normalized relaxation times indicate that once initiated, PR2s:PolyU droplets fuse faster than FUS wild-
type droplets. Bottom panel: Maximum deviation from the standard model serves as a proxy for the repulsive force required to
start fusion.

Multiscale molecular simulations. To understand the molecular origin of the measured zeta potential
values and explore correlations with variations in the molecular organization within condensates, in
particular the spatial distribution of charged amino acids and the concentration of ions within, we
developed a multiscale molecular simulation approach (Figure 4). We started by using a
reparameterization of the sequence-dependent LLPS coarse-grained (CG) model of the Mittal group (45—
47) to simulate the formation of full length FUS and PR2s:PolyU condensates by means of Direct
Coexistence (DC) simulations (48-50) of tens to hundreds of interacting biomolecules (Figure 4; Step 1;
further details on the DC technique and on the employed CG model are provided in the Computational
Section of the Supporting Information). Our method back-maps equilibrium coarse-grained condensates
to fully atomistic systems, including explicit solvent and ions (Figure 4; Steps 2—-4), and investigates

differences in the absorption and distribution of ions between the condensed and dilute phase in both



systems (Figure 5). Such a multiscale procedure (Figure 4) is necessary to capture explicit all-atom
descriptions of biomolecules, water, and ions, while keeping the model feasible for computation given the

large system and long timescales.

Back-mapping coarse-grained protein condensates into all-atom configurations is not a trivial task
since it requires expanding the single bead position for each protein residue (from CG simulations) to
atomistic-level amino acids that preserve geometric and environmental conditions without displaying
particle overlapping. Our multiscale approach breaks the problem down into three steps (Figure 4; Steps
2-4). Each step utilizes standard and widely available biomolecular modelling tools, making our overall
procedure easily implementable and fully transferable to other condensed-phase protein systems as

explained in Figure 4.

STEP 1: Pre-eq uilibratn with resiu eIG model (implicit solvent)

martinize

STEP 3: Energy minimization with MARTINI model + MARTINI water

backward

STEP 4: Generation of all-atom condensate + explicit solvent + ions

Figure 4. Multiscale strategy for generation of all-atom condensates from pre-equilibrated high-resolution coarse-
grained simulations. Step 1: The system is first equilibrated at residue-level resolution using a reparameterization of the Mittal
group coarse-grained model (46, 47). Step 2: The coarse-grained bead coordinates are unwrapped across the periodic
boundaries and unwrapped bead positions are defined as coordinates for the amino-acid Ca atoms. Using the tleap module of
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Amberl6 (51), missing sidechain and backbone atoms are added in random orientations. Step 3: Because adding atoms in this
way results in significant atomic overlaps that cannot be resolved via standard energy minimization procedures. To dispose of
the steric clashes, atomistic configurations are mapped to the higher-resolution coarse grained model Martini (52) and standard
Martini Water (53). The system’s energy was then minimized. This third step is key to make our approach applicable not only
to intrinsically disordered peptides like PR2s, but also to large multidomain proteins with globular regions, like FUS. Step 4:
Finally, the program “backward” (54) was used to back-map the Martini configuration to the full atomistic resolution (see
further details in the Supporting Information).

Insights into the molecular organization of condensates. Our multiscale simulations reveal that both
PR2s:PolyU and FUS condensates (Figure 5A,B) exhibit a mostly homogeneous distribution of charged
and uncharged species at physiological salt (Figure 5C). This is not surprising for PR2s:PolyU condensates
which are mostly sustained by electrostatic interactions (Arg:U). Indeed, we find a uniform distribution
of all species (U, Pro, Arg) at the core of the PR2s:PolyU condensates (Figure 5; PR2s:PolyU). More
surprisingly, a mostly homogenous molecular organization for FUS condensates is remarkable given the
complexity of the FUS sequence (see Supporting Material). The 526-residue FUS polypeptide chain can
be partitioned into an uncharged disordered prion-like domains (55) (PLD) enriched in GIn, Gly, Ser, and
Tyr (residues 1-165), three positively charged disordered Arg-Gly-Gly (RGG) rich regions (RGGL1:
residues 166-267, RGG2: residues 371-421, and RGG3: residues 454-526), and two globular regions (a
RNA-recognition motif: residues 282-371, and a zinc finger: residues 422-453) (56). In agreement with
experiments (14, 57, 58), we find that FUS condensates are most strongly stabilized by interdomain
interactions both electrostatic (RGG1/3—-PLD) and hydrophobic (PLD—PLD) in nature (Figure S5). These
preferential patterns of interactions among FUS regions/domains result in homogeneous condensates in

the probed conditions.

A crucial difference between the molecular organization of FUS and PR2s:PolyU condensates is
the much higher concentration of charged species (both positive and negative) in PR2s:PolyU condensates
versus FUS, including those at the condensate surfaces (Figure 5C and 5E, and Figure S6). Although the
core of PR2s:PolyU condensates have a homogeneous distribution of positive and negative molecules, the
surface itself is more concentrated in PR2s peptides (Figure S7), and hence is rich in positive charge. When
measuring the interfacial free energy of the condensates in our simulations, we find that its value for FUS
condensates (0.35+4 mJ/m?) is almost twice of that for PRzs:PolyU droplets (0.20+ 4 mJ/m?), supporting
the trend that condensates which concentrate more charged species (e.g., positively charged PR2s tails) at
the surface (Figure S7) tend to have lower interfacial free energies. This surface geometry would also
result in higher electrostatic repulsion and higher surface charge—in agreement with the experimental

observations of higher zeta potentials for PR2s:PolyU compared to FUS. Nevertheless, we note that even
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though highly charged interfaces exhibiting large absolute zeta potential values (as those found in
PR2s:PolyU droplets) can typically present low interfacial free energies, not every condensate with low
interfacial free energy would necessarily display analogously large absolute zeta potential values. For
instance, multilayer complex coacervates coated by surfactant proteins that preferentially locate at droplet
surfaces can be uncharged and still reduce significantly the interfacial free energy—due to surfactant
proteins having effective lower valencies than those of the core-located scaffold proteins—while

displaying presumably low zeta potential values due to their uncharged nature (24, 59, 60).

Besides a higher density of charged species (Figure 5B,C; left), PR2s:PolyU condensates establish
more favorable electrostatic interactions with counterions than FUS condensates. The high concentration
of charge at PR2s:PolyU surfaces is evident from the higher density of counterions at the interface than at
the condensate core, and most notable of CI~ ions, which are needed to screen the solvent-exposed PR2s
tails. In agreement, FUS condensates, which contain less charged amino acids overall (Figure 5B,C; right),

also absorb a lower total concentration of counterions.

As expected, our simulations reveal that counterions have smaller diffusion coefficients within the
condensed phase, where they can bind to other charged species (61). Interestingly, counterions diffuse
more slowly within FUS condensates than within PR2s:PolyU condensates (Table S1). This observation
likely stems from the higher molecular density of FUS condensates (~0.54 g/cm®) versus PRzs:PolyU
condensates (~0.40 g/cmq), the abundance of Arg residues in FUS available to establish strong cation-
anion interactions with CI~, and the lack of other negatively charged species to displace CI~ from their
FUS absorption sites. Consistently, in the more charge-rich PR2s:PolyU condensates, counterions diffuse
slightly more freely because of the lower condensate density, and since Arg and U are already paired up

and establish strong cation—anion interactions (Table S1).
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Figure 5. Molecular organization of PR2s:PolyU and FUS condensates. (A) Top panel: One-bead per amino acid/nucleotide
coarse-grained representation of PRy (blue), PolyU (purple) and FUS with the PLD (residues 1-165) in red, the extended
arginine rich region 1 (RGG1; residues 166-284) in pink, the RNA-recognition motif (RRM; residues 285-371) and the Zinc
Finger region (ZF; residues 423-453) in blue, the arginine rich regions 2 (RGG2; residues 372-422) and 3 (RGG3; residues
454-526) in green. Bottom panel: Representative coarse-grained equilibrium configurations obtained via direct coexistence
simulations (i.e., both liquid phases simulated in the same simulation box) of (left) PR2s:PolyU and (right) FUS condensates.
(B) Representative configurations from A but with charged species (amino acids and PolyU) colored green and uncharged
residues colored red. (C) Normalized density of charged and uncharged species across the long side of the simulation box
estimated over the coarse-grained equilibrium ensemble showing a much higher concentration of charge in PRzs:PolyU. The
vertical dashed lines show the location of the edge of the condensate. (D) Back-mapped atomistic system from equilibrium
coarse-grained configurations used to estimate the differential behavior of ions in PRas:PolyU and FUS condensates. (E) lon
distributions in PR2s:PolyU and FUS condensates estimated from atomistic direct coexistence molecular dynamics simulations.
The vertical dashed lines indicate the approximate locations of the condensate interfaces (condensates are positioned in the
center and are in contact with a surrounding diluted phase). The simulations were prepared ensuring similar equilibrium
concentrations of ions in the diluted phases of both systems.

Collectively, our simulation results and experimental zeta potential measurements suggest that

larger absolute zeta potential values occur in systems that are more highly charged overall, and,
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importantly, that exhibit a higher total charge at the surface, where continuous dynamical reconstruction

of the interfacial structure occurs via capillary wave fluctuations (62, 63).
Conclusion

In this work, we have explored the role of passive electrostatic mechanisms on the emulsion
stability of biomolecular condensates. By measuring the zeta potential on a single condensate level, we
probed the electrostatic forces between individual biomolecular condensates of PR2s:PolyU and FUS and
correlated these experimental results with their observed stability against fusion. A larger absolute value
of condensate zeta potential confers greater resistance against coalescence and clustering in a manner
which is analogous to oil-in-water emulsions (30-32). Additionally, the wide distributions in zeta
potentials indicate that a population of condensates is likely to have varying degrees of fusion propensities

within it, and that condensates are highly diverse in surface composition.

Our multiscale molecular modelling approach further described the detailed molecular behavior of
these condensates, including their surface charge density and its impact on their interfacial free energy,
the intermolecular interactions of the component biomolecules, and the distribution and mobility of ions
in- and outside of condensates. These simulations explain the observed difference in zeta potential values
and droplet fusion rates through a molecular characterization of the charge distribution within the
condensates, both in the core and the surfaces, and through the evaluation of the interfacial free energy.
While PR2s:PolyU condensates are stabilized mostly by electrostatic interactions and possess highly
positively-charged surfaces, FUS droplets are predominantly sustained by cation—n and hydrophobic
interactions, and exhibit only modestly charged interfaces. These findings, therefore, establish the surface
charge density of condensates as the molecular origin of the modulation of their propensity to fuse, and
the zeta potential as a fundamental quantity to infer it. Moreover, the analysis of the NaCl ion distribution
and their mean square displacement along the condensates provides a fundamental description of the
electrostatic interaction strength contributing to the random and dynamical percolated network (64)

sustaining the stability of these biomolecular condensates.

The correlation between electrostatic properties and condensate stability against fusion, as
predicted by classical emulsion theory, may be of significance for the modulation of condensate stability
in cells. In addition to the known active chemical and biological processes that modulate condensate
stability (21, 65) ,our work suggests that also passive mechanisms exist which prevent condensates from

fusing and clustering. Such passive stabilization stems from a combination of repulsive forces between
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condensates, and the effects that surface electrostatics have on lowering the surface tension of the droplets.
Likewise, cells may actively control the stability of condensates by tuning the condensate surface charge,
(e.g. by tuning factors like temperature, pH, and ion concentration gradients, all of which influence LLPS
behavior (21, 66)).

The observed correlation between emulsion stability and zeta potential also has important
implications for diseases, specifically for liquid-to-solid transitions of the condensates. It has been shown
that FUS can transition into toxic aggregates associated with the onset and development of motor neuron
disease more readily when it is contained in condensates (10), and this trend holds true for other proteins
as well, including TDP-43 and other condensate forming systems (67, 68). Recent theoretical work has
highlighted how condensates could behave as compartments for aggregate formation, and has also
indicated how more aggregates could form within condensates of greater size (69). Since zeta potential
may have a direct effect on condensate fusion and size, it is possible that lower zeta potential condensates
will fuse into bigger condensates for potential aggregate nucleation. Beyond pathophysiological
implications, the immiscibility and size control of phase separated condensates has been indicated to be
relevant particularly in the control of the size of organelles during cell growth and embryonic development
(70, 71). Additionally, the size of condensates could be a marker of cancer proliferation (72), suggesting
that the modulation of the size of certain condensates, controlled through their zeta potential, could be

exploited for therapeutic interventions.

Overall, our work shows how classical colloid physics properties, such as the zeta potential and
emulsion stability, can contribute to the stabilization of biomolecular condensates. These findings expand
our understanding of the physical and molecular factors that control the emulsion stability of condensates,

and may have implications in the study of the roles of biomolecular condensates in health and disease.
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