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Abstract2

Cells can dynamically organize reactions through the formation of biomolecular3

condensates. These viscoelastic networks exhibit complex material properties and4

mesoscale architectures, including the ability to form multi-phase assemblies. Un-5

derstanding the molecular mechanisms underlying the formation of compartmental-6

ized condensates has implications not only in biology but also in the development7

of advanced materials. In this study, we demonstrate that the aging of heterotypic8

protein-RNA condensates can lead to the formation of double-emulsion structures. By9

combining fluorescence-based techniques with theoretical modeling, we show that, as10

the condensates age, the strengthening of homotypic protein-protein interactions in-11

duces the release of RNA molecules from the dense phase. Notably, when condensates12

exceed a critical size, the slow diffusion of RNA molecules triggers the nucleation of13

a dilute phase within the protein-rich condensates, ultimately resulting in the forma-14

tion of double-emulsion structures. These findings illustrate a new mechanism for a15

formation of dynamic multi-compartment condensates.16
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Introduction17

Increasing evidence suggests that cells can orchestrate reactions in space and time by form-18

ing membraneless organelles known as biomolecular condensates.1–4 These condensates are19

viscoelastic networks that can exhibit complex structure and material properties.5,6 In many20

cases, multi-component condensates can give rise to multi-phase assemblies.7–9 One notable21

example is the nucleolus, a membraneless organelle consisting of sub-compartments having22

distinct material properties.10,11 This multilayered structure plays a crucial role in coordi-23

nating the spatial and temporal biochemical events involved in ribosome biogenesis. The24

N- and C-terminal domains of TDP-43, a ribonucleoprotein associated with stress granules,25

have also been observed to form multi-phase condensates within the cell.12 In a ribonucle-26

oprotein/polyU system, double emulsions are observed at high RNA-protein ratios, which27

can be attributed to reentrant phase behaviour.13–15 In mixtures containing different pro-28

teins and RNA molecules, multiphasic condensates can exhibit different morphologies as a29

function the relative strength of protein-protein and protein-RNA interactions, as well as30

protein-RNA stoichiometry.16–20 Multi-compartment structures can also form during rapid31

temperature cycling, as seen with condensates consisting of polyA RNA and PEG,21 where32

fast cooling leads to a change in equilibrium composition and, due to the slow diffusion of33

the macromolecules, nucleation of the dilute phase inside larger condensates.2134

Many condensates exhibit non-equilibrium architectures and age over time, transitioning35

towards lower energy states.5,22–25 In such a process, intermolecular forces among the com-36

ponents of the condensates exhibit gradual non-conservative changes, which may be linked37

to conformational changes of the macromolecules.38

In this study, we demonstrate that the aging of heterotypic condensates can spontaneously39

lead to the formation of double-emulsion structures without changes in external variables40

such as temperature or solution conditions. We analyze heterotypic condensates composed41

of the DEAD-box protein Dhh126 and an RNA model, polyU, by applying a combination42

of fluorescence correlation spectroscopy (FCS), fluorescence lifetime imaging (FLIM) and43
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theoretical modeling. Both FLIM and FCS are time-resolved techniques that enable the44

investigation of local molecular environments, which are generally inaccessible to standard45

bright-field and fluorescence imaging methods. We show that, under the investigated con-46

ditions, the strength of homotypic protein-protein interactions increases over time, resulting47

in the release of polyU molecules from the dense phase. For condensates above a critical48

size, low diffusivity and long diffusion paths lead to nucleation of a dilute phase inside the49

condensates. These findings provide insights into a mechanism for the formation of multi-50

compartment condensates. The implications have significance in the material sciences for the51

development of kinetically arrested double emulsions based on sub-structured condensates.52

These could potentially lead e.g. to microcapsules, with applications in protein release.2753

Results and discussion54

Condensates of Dhh1-mCh with and without polyU age over time55

We first employed bright-field microscopy to investigate the morphological changes of con-56

densates composed of 20 µM mCherry-tagged Dhh1 (Dhh1-mCh) on the timescale of several57

days. Phase separation was induced by diluting the stock solution at high salt (200 mMNaCl)58

in 18 mM HEPES-KOH 90 mM KCl 1.2 mM MgCl2 buffer at pH 6.0. Samples were incu-59

bated for 1 h before imaging. Figure 1A shows bright-field images of Dhh1-mCh droplets col-60

lected at different time points after inducing phase separation. Initially, all droplets showed61

spherical morphology and relatively rapid fusion events (within seconds) indicative of their62

liquid-like character. After 24 h, the droplets developed non-spherical morphologies with no63

further fusion events being observed. Property changes of the Dhh1-mCh condensates over64

time was further confirmed using fluorescence recovery after photobleaching (FRAP), which65

showed a 50% decrease in recovery after 48 h compared to freshly prepared droplets (imaged66

within 2 h after preparation) (Figure S1A).67

Next, we followed the aging of Dhh1-mCh condensates formed in the presence of 0.1 mg/ml68
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polyU with a degree of polymerization of 20 (polyU-20) (Figure 1B). As in the case of ho-69

motypic Dhh1-mCh condensates, the heterotypic Dhh1-mCh-polyU-20 condensates initially70

display spherical morphology and fuse rapidly (within seconds). Interestingly, upon incu-71

bation, the condensates developed a double emulsion structure within 24 h. Within 48 h,72

the entrapped droplets underwent coalescence, which resulted in the formation of a core-73

shell structure. Importantly, only large droplets with diameters above 25 µm developed the74

double-emulsion/core-shell morphology. In contrast, smaller droplets remained spherical and75

did not show any signs of double emulsion formation. Similarly to homotypic Dhh1-mCh76

condensates, FRAP experiments showed a 50% decrease in protein fluorescence recovery in77

droplets imaged 48 h after preparation as opposed to droplets imaged 2 h after preparation.78

(Figure S1B).79

We also followed the morphological changes of the Dhh1-mCh condensates with longer RNA80

mimics, polyU-50 (Figure 1C) and polyU-3000 (Figure 1D). In the case of droplets with81

polyU-50, we observed similar morphological changes as in the case of droplets with polyU-82

20 but on a longer timescale (72 hours as compared to 48 h for droplets with polyU-20). For83

the Dhh1-mCh droplets with polyU-3000, no morphological changes were observed over the84

timescale of the experiment (up to 8 days).85
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Figure 1: Aging of Dhh1-mCh condensates with and without polyU of different lengths.
Brightfield and fluorescence microscopy images collected at different time points for Dhh1-
mCh samples in the absence (A) and presence of 0.1 mg/ml polyU-20 (B), 0.1 mg/ml polyU-
50 (C) and 0.1 mg/ml polyU-3000 (D).

Probing the concentration of polyU-20 in the dilute phase using86

FCS87

We next investigated how condensate aging affects the partitioning of polyU in the dilute88

and dense phases. To do this, we measured polyU concentration in the dilute phase by89

fluorescence correlation spectroscopy (FCS). We prepared condensates of 20 µM Dhh1-mCh90

and 0.1 mg/mL polyU-20 (corresponding to 15 µM) including 1% polyU-20 labelled at91
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the 3′ end with carboxyfluorescein (polyU-FAM). The FCS auto-correlation curve contains92

information regarding both the diffusion coefficient and the concentration of fluorescently93

labelled molecules. We acquired FCS data on fresh samples (up to 2 h after inducing phase94

separation) and after 48 h (Figure 2A). The auto-correlation curves at both time points were95

fitted to a model that assumes the presence of a single diffusing component, yielding a Dcoeff96

= 147 ± 4 µm2/s (mean ± standard deviation, n=4), which is equal to the value measured97

in a homogeneous dilute solution of monomeric polyU-FAM (Dcoeff = 151 ± 5 µm2/s, n=4).98

Based on the amplitude of the auto-correlation curve, the total polyU concentration in the99

dilute phase of fresh samples was calculated to be equal to 2.1 ± 0.2 µM (mean ± SD, n=4).100

Here, we assume that labelled and unlabelled polyU partition equally between the dilute101

and dense phases. The decrease in the amplitude of the auto-correlation curve over time102

indicates an increase in the polyU concentration in the dilute phase, which after 48 h was103

3.6 ± 0.4 µM (mean ± SD, n=4).104
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Figure 2: Migration of polyU from the dense phase into the dilute phase upon condensate
aging. A) Fluorescence correlation spectroscopy: auto-correlation curves acquired on FAM-
labelled polyU-20 in the dilute phase coexisting with Dhh1-mCh-polyU-FAM condensates
in a fresh sample (t = 2 h) and after 48 h. The correlation curves were fitted to a model
assuming a single diffusing component with a triplet contribution. Fitting residuals are
displayed below the figure. Both fits yielded a diffusivity of 147 ± 4 µm2/s. The decrease
in the auto-correlation amplitude over time indicates that the polyU concentration in the
dilute phase increases over time. The total polyU concentration in the dilute phase was 2.1
± 0.2 µM after 2 h and 3.6 ± 0.4 µM after 48 h. B and C) Fluorescence intensity (top) and
fluorescence lifetime (FLIM) images (bottom) of Dhh1-mCh-polyU-20 condensates with 1%
polyU-FAM after 2 h (B) and after 48 h (C).

Probing Dhh1-polyU interactions with FLIM105

The results described in the preceding sections suggest that, over time, the strength of106

protein-protein interactions increases (as shown by aging of Dhh1-mCh condensates without107

polyU), with a fraction of polyU molecules being released into the dilute phase. To fur-108

ther investigate the protein-polyU interactions, we performed fluorescence lifetime imaging109

microscopy (FLIM) on the same samples as those analysed by FCS by monitoring the flu-110

orescence lifetime of carboxyfluorescein conjugated to polyU-20. The fluorescence lifetime111

of monomeric polyU-FAM at low concentrations in the buffer used in our experiments (10112
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mM TRIS pH 6.0) was measured to be 3.65 ± 0.02 ns (Figure S2). When recruited into113

Dhh1-mCh condensates, the lifetime of poly-FAM decreased to 2.3 ± 0.1 ns (Figure 2B).114

In fresh Dhh1-mCh-polyU condensates, the polyU-FAM concentration in the dilute phase is115

too low to yield meaningful FLIM data, and therefore the lifetime histogram reconstructed116

for fresh condensates displays a single peak centered at approximately 2 ns, corresponding117

to the polyU-FAM within the condensates (Figure S3). However, after 48 h, a population118

characterized by a fluorescence lifetime centered around 3.6 ns emerges (Figure S3). This119

second peak is consistent with the FLIM image shown in Figure 2C, demonstrating that,120

after 48 h, polyU-FAM (with a longer lifetime) is present both outside the condensate and121

within the core of the condensate. The average lifetime within the condensates is 2.2 ± 0.01122

ns. Interestingly, a shell characterized by an intermediate average lifetime of 2.63 ± 0.17 ns123

appears on the surface of the condensates.124

The observed changes in the fluorescence lifetime of polyU-FAM in the dilute and dense125

phase could be due to many factors, including changes in the refractive index, viscosity, or126

pH between the two phases. The fluorescence lifetime of FAM was previously shown to be127

independent of the viscosity of the medium.28 The pH effect can also be excluded, since128

the lifetime of fluorescein was reported to increase from 3.6 ± 0.1 ns at pH 3 to 5.0 ± 0.4129

ns at pH 10.29 We also performed control experiments that excluded also the effect of the130

refractive index (see Supplementary Information and Figure S4).131

132

Other factors affecting the fluorescence lifetime inside the condensates are fluorescence133

quenching and Förster resonance energy transfer (FRET)30 between polyU-FAM and Dhh1-134

mCh. The latter could occur with the carboxyfluorescein acting as a donor and the mCherry135

as an acceptor. FRET would result in the decrease of the lifetime of the donor, because the136

fluorophores, which reside longer in the excited state, have higher probability of participat-137

ing in the energy transfer.30 The occurrence of FRET would suggest a strong interaction138

between Dhh1-mCh and polyU-FAM within the condensates. Fluorescence quenching inside139
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the condensate may occur due to the high fluorophore concentration. In order to check this140

effect, we added FITC into a sample of phase separated Dhh1-mCh condensates with fully141

unlabelled polyU-20. Similarly to the case when the fluorophore is conjugated to polyU, we142

also observed a drop in fluorescence lifetime to 2.26 ± 0.01 ns (Figure S5). Accordingly,143

fluorescence quenching is likely responsible for the decrease in lifetime of polyU-FAM upon144

partitioning into the condensates.145

Overall, our analysis indicates that the decrease of polyU-FAM lifetime upon incorporation146

into the Dhh1-mCh condensates may be due to FRET, fluorescence quenching or a combina-147

tion of these effects. Independently of the exact mechanism, FLIM data demonstrate that,148

as the condensates age, polyU diffuses from the dense phase into the dilute phase, which is149

consistent with the FCS results. This suggests that condensate aging involves a decrease in150

the strength of the net Dhh1-mCh-polyU interactions, which is in agreement with the in-151

crease of protein-protein interactions shown by aging of homotypic Dhh1-mCh condensates152

(Figure 1A and S1A).153

Decrease of net Dhh1-polyU interactions upon aging154

In order to further confirm the decrease of the net Dhh1-mCh-polyU interaction strength over155

time, we designed an experiment in which we prepared homotypic condensates of Dhh1-mCh156

and added polyU-FAM after incubating the samples for 1 h or 24 h. As shown in Figure 3A,157

when polyU-FAM was added to homotypic Dhh1-mCh condensates incubated for 1 h, within158

20 min most of the droplets in the sample became homogeneously fluorescent in the FAM159

channel, indicating that polyU-FAM partitioned into and diffused within condensates until160

reaching an equilibrium dense phase concentration. In addition to the recruitment of polyU161

into existing Dhh1-mCh condensates, the introduction of polyU promoted the formation of162

new condensates containing both Dhh1-mCh and polyU-FAM due to the decrease of the sat-163

uration concentration required for phase separation, driven by the additional contribution164

of attractive heterotypic interactions to homotypic protein-protein interactions.165
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The fluorescence intensity within the condensates was homogeneous and similar among the166

different droplets, implying a uniform polyU-FAM concentration in the condensate popu-167

lation. The diffusion of polyU-FAM within the condensates occurred over a period of 20168

minutes. Considering a typical diffusion distance inside the condensates of 3.5 µm, this169

timescale corresponds to a diffusion coefficient on the order of 0.01 µm2/s, i.e. 1.5·103 fold170

lower than the diffusivity in the dilute phase. Such a low diffusivity is ascribed to high171

concentrations and strong interactions between the macromolecules inside the condensates.172

In analogy to fresh Dhh1-mCh condensates, the addition of polyU-FAM to Dhh1-mCh sam-173

ples incubated for 24 h led to the formation of new condensates (Figure 3B). However, the174

partitioning and diffusion of polyU within aged droplets proceeded over a longer timescale.175

Indeed, after 30 minutes, the fluorescence intensity of polyU-FAM in the center of aged176

droplets remained relatively low. From this timescale and the typical diffusion distance from177

the rim to the center of the droplets (3 µm), we estimated the upper bound of the polyU178

diffusivity in the aged droplets to be approximately 0.001 µm2/s.179

Importantly, the protein condensates incubated for 1 h and 24 h displayed significantly180

different fluorescence intensities after polyU addition, with higher fluorescence intensity of181

FAM observed in fresh condensates, implying higher polyU concentrations compared to aged182

droplets. Thus, these data show that the equilibrium concentration of polyU in the aged183

condensates is lower than in the fresh condensates, confirming the reduced protein-polyU184

interaction strength as a result of the strengthening of protein-protein interactions during185

aging.186

187
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Figure 3: Partitioning of polyU-FAM into fresh and aged Dhh1-mCh condensates. A) PolyU-
FAM was added to Dhh1-mCh condensates incubated for 1 h after inducing phase separation.
B) PolyU-FAM was added to Dhh1-mCh condensates incubated for 24 h. The samples
were monitored over time to track the recruitment of polyU into existing droplets and the
appearance of new (spherical) condensates due to the decrease of the saturation concentration
for phase separation in the presence of polyU.

Cahn-Hilliard theory describes the formation of double-emulsion188

condensates189

The experimentally observed nucleation of a dilute phase (Figure 1B,C and Figure 2C) within190

the Dhh1-mCh-polyU condensates can be explained by a decrease in the relative strength191
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of protein-polyU interactions with time combined with the slow diffusion of polyU and pro-192

tein inside the dense phase. The observed size-dependent morphology further supports this193

mechanism, as nucleation of the dilute phase is observed only in large condensates, suggest-194

ing a kinetic rather than a thermodynamic effect. Large droplets exhibit a slower response195

to changes in equilibrium compositions due to longer diffusion paths, which can lead to196

meta-stable or unstable compositions. Our experimental results can be quantitatively ratio-197

nalized using the Cahn-Hilliard phase field model.31 The governing equation that describes198

the evolution of the order parameter ϕ in time and space is given by:32199

∂ϕ

∂t
= ∇ ·M(ϕ)∇µ (1)

where200

µ =
∂F

∂ϕ
− ϵ2∆ϕ . (2)

Here, µ represents the chemical potential, M(ϕ) the composition-dependent mobility, and t201

the time. The chemical potential µ consists of a bulk term (related to the free energy of the202

system F , first term on right hand side of Equation 2) as well as a surface term (second term203

on right hand side of Equation 2), where the parameter ϵ is related to the surface tension.204

At equilibrium, the chemical potential must be identical everywhere, resulting in all time205

derivatives being zero.206

Applying this model to a ternary mixture of protein, polyU and solvent, we obtain coupled207

partial differential equations (1) with the volume fractions of protein (ϕp) and polyU (ϕu) as208

order parameters. The free energy of the system F , according to the Flory-Huggins model,209

is given by:33210

F (ϕp, ϕu) =
ϕp

Np

ln(ϕp) +
ϕu

Nu

ln(ϕu) +
ϕs

Ns

ln(ϕs) + χpuϕpϕu + χpsϕpϕs + χusϕuϕs (3)
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Here, the solvent volume fraction is given by ϕs = 1− ϕp − ϕu, χpu, χps and χus are binary211

interaction coefficients for protein-polyU, protein-solvent and polyU-solvent, while Np, Nu212

and Ns are the number of monomers for protein/polyU and 1 for the solvent. Under the213

experimental conditions used in this work, Dhh1-mCh undergoes phase separation in the214

absence of polyU (Figure 1A), indicating that the interaction parameter χps is positive. We215

chose negative values for χpu and χus that lead to phase separation in a range of polyU and216

protein concentrations consistent with experimental data. All model parameters are shown217

in Table S1, and additional details concerning their choice are reported in Materials and218

Methods.219

The starting point of all simulations is a droplet rich in protein and polyU at equilibrium with220

the dilute phase. The concentrations in the dilute and dense phase were calculated based on221

the interaction parameters defined above and the total concentrations of protein and polyU222

used in the experiments. In order to model aging, we linearly increased the strength of223

homotypic protein-protein interactions over time, leading to a simultaneous increase of the224

parameters χpu and χps. We note that a decrease in the protein-polyU interaction strength225

may also occur in the system. However, we preferred to keep a minimalistic version of the226

model and expect that similar trends would be observed with contributions from decreased227

protein-polyU interactions.228

Figure 4A shows the simulation of a 30 µm condensate obtained from a solution with 20 µM229

Dhh1-mCh and 0.1 mg/mL polyU-20 (same conditions of the experiments shown in Figure230

1B). The increasing strength of protein-protein interaction over time leads to droplet shrink-231

ing and an increase of protein concentration in the dense phase. Droplet shrinking initially232

increases the concentration of polyU in the dense phase, which later decreases due to the233

decrease of the net protein-polyU interactions. The release of polyU from the dense phase234

is consistent with the increase in concentration of polyU in the dilute phase measured by235

FCS (Figure 2A). Although the Cahn-Hilliard model does not provide a good description of236

interfacial properties, it is interesting to note that the modelling predicts maximum polyU237
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concentrations at the interface. This may result from the balance of interactions in the aged238

system, with protein-polyU interactions being stronger than protein-solvent interactions, and239

polyU-solvent and polyU-protein interactions being of comparable strength. This non-trivial240

behaviour is consistent with the results obtained by FLIM on aged droplets, which show a241

rim of FAM lifetime intermediate between the lifetime inside and outside of the condensates242

(Figure 2C).243

We next applied the model to rationalize the effect of droplet size on the observed formation244

of double-emulsion condensates over time. Simulations with the 30 µm diameter droplet245

showed that the properties of the condensates changed over time but no double-emulsion246

was formed. In contrast, simulations of a droplet with a larger initial diameter (60 µm) indi-247

cated that the longer diffusion paths for macromolecules led to nucleation of a dilute phase248

inside the dense phase (Figure 4B). This is consistent with the experimental observation that249

double-emulsions were formed only in condensates exceeding a critical size (approx. 20 µm250

in diameter).251

To probe the effect of polyU length, we performed the same simulations with polyU-50 and252

observed an increase in the threshold droplet diameter and of the time required to form dou-253

ble emulsions (Figure S6). The larger critical droplet diameter observed with polyU-50 may254

seem counter-intuitive, since the 2.5 fold slower diffusion of polyU-50 compared to polyU-20255

is expected to facilitate nucleation of a dilute phase inside the dense phase. However, due256

to the larger molecular size and thus greater number of protein interactions sites per polyU257

molecule, polyU-50 displays overall stronger interaction with the protein and therefore a258

lower tendency to migrate towards the dilute phase.259

All together, the model is capable of rationalizing the observed experimental trends for260

protein-polyU-20 and protein-polyU-50 condensates, further confirming the proposed mech-261

anism underlying the formation of substructures upon aging.262
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Figure 4: Simulations of aging of Dhh1-polyU condensates based on the Cahn-Hilliard model,
showing how the changes in interaction strength combined with the slow polyU diffusion leads
to size-dependent morphology of the aged condensates. Simulation results for condensates
with polyU-20 and initial condensate size of 30 µm (A) and 60 µm (B). For 60 µm initial
diameter, a dilute phase nucleates inside the condensate, while for 30 µm, the condensate
shrinks and polyU migrates to the dilute phase.

Conclusions263

We have shown that heterotypic Dhh1-mCh-polyU condensates undergo aging over time,264

which results in the formation of multi-compartment architectures depending on the con-265
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densate size. By a combination of experimental and computational approaches, we have266

demonstrated that a net decrease in the strength of protein-polyU interactions triggers the267

release of polyU molecules into the dilute phase. For condensates smaller than a critical size,268

the diffusion of polyU from the dense to the dilute phase leads to shrinking of the condensate269

without a change in morphology. For condensates larger than a critical size, a dilute phase270

nucleates inside the dense phase, leading to the formation of a double-emulsion structure.271

This process is ascribed to the slow diffusion inside the dense phase, which constitutes a272

limiting step to attaining the new equilibrium concentrations in the dense and dilute phases273

as the aging proceeds. This work shows that multi-compartment architectures can originate274

in non-equilibrium condensates undergoing aging over time, leading to kinetically-arrested275

double emulsion.276

Materials and Methods277

Protein purification278

Recombinant Dhh1 with an N-terminal 6xHis tag and C-terminal mCherry tag were ex-279

pressed in E. coli BL21 DE3 cells as described previously.34 The protein was first purified by280

affinity chromatography using Ni2+ charged Fast Flow Chelating Sepharose matrix (Cytiva281

Sweden AB, Uppsala, Sweden) and by size exclusion with a HiLoad 16/600 Superdex 200282

pg column (Cytiva Sweden AB, Uppsala, Sweden). The elution buffer at pH 7.5 contained283

300 mM NaCl, 25 mM Tris, 2 mM 2-Mercaptoethanol, and 10% glycerol. Selected fractions284

from size exlusion chromatography were concentrated to approx. 400 µM using Amicon 10285

000 MWCO spin filters and flash-frozen in liquid N2 in 5-10 µl aliquots.286

polyU287

Lyophilized polyuridilic acid (polyU) containing 20 and 50 nucleotides (polyU-20 and polyU-288

50) and polyU-20 labelled at 3′ end with carboxyfluorescein (FAM) were purchased from289
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Microsynth AG (Baglach, Switzerland). High molecular weight polyU (average degree of290

polymerization of 2860) was purchased from Sigma Aldrich, Buchs, Switzerland.291

Sample preparation and imaging292

Droplet formation was induced by dissolving the protein stock solution in a low salt buffer293

(18 mM HEPES, 90 mM KCl, 1.2 mMMgCl2) in the presence or absence of 0.1 mg/ml polyU.294

All samples were prepared and analyzed in glass bottom 384-well plates (Brooks, Matriplate)295

at a final volume of 20 µl. In order to prevent evaporation during long term incubation, the296

wells adjacent to the ones containing the samples were filled with 150 mM NaCl solution297

and the plate was closed with aluminum tape. Samples were imaged by widefield microscopy298

performed on an inverted epi-fluorescence microscope (Nikon Eclipse Ti-E; MicroManager299

software, version 2.0-gamma) equipped with a Plan Apo 60x 1.4 NA oil immersion objective300

(Nikon), an LED light source (Omicron LedHUB Light engine; Omicron Software, version301

3.9.28) and an Andor Zyla sCMOS camera.302

Fluorescence recovery after photobleaching303

FRAP experiments were performed on a Nikon Spinning Disk SoRa confocal microscope304

equipped with sCMOS Hamamtasu Orca Fusion BT camera. 100x 1.45 CFI Plan Apo oil305

immersion objective was used. Samples were bleached and imaged using a 561 nm laser. For306

each experiment, a region of interest (ROI) within a protein condensate with size of approx.307

10% of its diameter was chosen. For each measurement an ROI of the same size was placed in308

another condensate for background correction. Fluorescence recovery was measured over 120309

s post bleaching. Data were analyzed using Nikon NIS Elements software. Data presented in310

Figure S1 represent the background-corrected and normalized mean and standard deviation311

of fluorescence intensities acquired for 3 different condensates for each sample and time point.312
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Fluorescence correlation spectroscopy313

FCS experiments were performed on an inverted confocal fluorescence microscope (Leica314

SP8 STED, Leica Application Suite X (LAS X) software, version 1.0) equipped with a HC315

PL APO CS2 63x 1.2 NA water immersion objective with a software-controlled correction316

collar (Leica) and a hybrid detector for single molecule detection (HyD SMD). The confocal317

volume was calibrated using Atto 488 NHS Ester (Dcoeff = 400 µm2/s), which yielded an318

effective volume, Veff , of 0.6 ± 0.1 fl and a focal volume height-width ratio, κ = 9. The319

samples were excited with a 488 nm laser (from a white Light Laser at 80 MHz) and the320

fluorescence emission collected between 500 and 530 nm.321

Fluorescence lifetime imaging microscopy322

FLIM experiments were performed on an inverted confocal fluorescence microscope (Leica323

SP8 STED, Leica Application Suite X (LAS X) software, version 1.0) equipped with a HC324

PL APO CS2 63x 1.2 NA water immersion objective with a software-controlled correction325

collar (Leica) and a hybrid detector for single molecule detection (HyD SMD). FLIM images326

of the droplets with polyU-FAM were acquired until 1000 photons per pixel were collected327

in the brightest channel. The samples were excited with a 488 nm laser (from a White Light328

Laser at 20 MHz) and the fluorescence emission collected between 500 and 530 nm. Data329

analysis was performed using SymPhoTime 64 2.1 software (PicoQuant, Berlin, Germany).330

Images were fitted pixel by pixel with a one component reconvolution model. The images and331

data shown in the text display the intensity and the intensity-weighted average fluorescence332

lifetime.333

Cahn-Hilliard model334

For the initial droplet in equilibrium with the dilute phase, the composition of dilute and335

dense phase as well as their volume fractions were calculated by minimizing the free energy336
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of the system fsep as described by Lin et al.35337

fsep = νf(ϕα
p , ϕ

α
u) + (1− ν)f(ϕβ

p , ϕ
β
u) (4)

with f being defined in equation (3) and ν the volume fraction of dense phase. We considered338

the total concentrations of 20 µM Dhh1-mCh and 0.1 mg/mL polyU used in experiments,339

and protein and polyU densities of 1.35 g/mL36 and 1.5 g/mL,37 respectively. Np, Nu and340

Ns in the Flory-Huggins free energy model (Eq. 3) were set equal to the number of residues341

(protein: 748, polyU: 20/50, solvent: 1).342

The values of the binary interaction coefficients were set to χpu: -2, χps: 0.7 and χus: -0.7343

to simulate phase separation in a range of polyU and protein concentrations consistent with344

experimental data. The change in the strength of protein-protein interactions during aging345

process was modelled by a linear increase of the value of χpu from -2 to -1.7 and of χps from346

0.7 to 1, over 48 h.347

Following a common assumption,32 the same interfacial parameter ϵ was considered for348

protein and polyU:31349

ϵ2 =

(
l

∆ϕ

)2

∆fmax , (5)

where ∆fmax is the maximum free energy difference between the separated and mixed system,350

and ∆ϕ is the difference in protein volume fraction (we considered only protein since it is the351

main component of the droplet). The length scale l, which represents the interface width,352

was assumed constant across simulations and equal to 2 µm.353

In addition to the thermodynamic parameters that determine the chemical potential, the354

Cahn-Hilliard model (1) requires the definition of the mobility M(ϕ). As a first step, the355

initial diffusivity of polyU-20 within the dense phase was set to 0.05 µm2/s, consistent with356

experimental estimates obtained by adding polyU to fresh Dhh1-mCh condensates (Figure357

3A). This diffusivity can change during aging due to changes in concentrations within the358

condensates. As condensates are viscoelastic networks, it is difficult to model the viscosity of359
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the dense phase. Furthermore, polyU molecules are smaller than Dhh1 and may experience360

microviscosity rather than macroviscosity. As a fist approximation, we considered a linear361

dependence of viscosity on protein volume fraction ϕp. The diffusivity is expressed as:362

Di =
Di,0

1 + k · ϕp

(6)

Assuming a hydrodynamic radius of 1.5 nm for polyU-20 and 8 nm for Dhh1-mCh, initial363

diffusivity of protein in the dense phase is 0.01 µm2/s. We set k = 20 to reproduce the364

polyU-20 diffusion coefficient in the dense phase that was estimated experimentally. All365

model parameters are summarized in Table S1. The mobility can finally be computed using366

the following expression:32367

Mi =
Di

∂2fideal/∂ϕ2
i

(7)

With this approach, the Cahn-Hilliard model is equivalent to Fick’s second law in the368

absence of any interactions (χij = 0). Equation (1) was solved in spherical coordinates369

assuming radial symmetry with the droplet being centered at the origin. Details concerning370

the numerical solution are provided in the SI.371
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