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An increasing number of biomolecules have been shown to phase-separate into biomolecular con-
densates — membraneless subcellular compartments capable of regulating distinct biochemical pro-
cesses within living cells. The speed with which they exchange components with the cellular environ-
ment can influence how fast biochemical reactions occur inside condensates and how fast condensates
respond to environmental changes, thereby directly impacting condensate function. While Fluores-
cence Recovery After Photobleaching (FRAP) experiments are routinely performed to measure this
exchange timescale, it remains a challenge to distinguish the various physical processes limiting
fluorescence recovery and identify each associated timescale. Here, we present a reaction-diffusion
model for condensate exchange dynamics and show that such exchange can differ significantly from
that of conventional liquid droplets due to the presence of a percolated molecular network, which
gives rise to different mobility species in the dense phase. In this model, exchange can be limited
by diffusion of either the high- or low-mobility species in the dense phase, diffusion in the dilute
phase, or the attachment/detachment of molecules to/from the network at the surface or throughout
the bulk of the condensate. Through a combination of analytic derivations and numerical simula-
tions in each of these limits, we quantify the contributions of these distinct physical processes to
the overall exchange timescale. Demonstrated on a biosynthetic DNA nanostar system, our model
offers insight into the predominant physical mechanisms driving condensate material exchange and
provides an experimentally testable scaling relationship between the exchange timescale and con-
densate size. Interestingly, we observe a newly predicted regime in which the exchange timescale
scales nonquadratically with condensate size.

INTRODUCTION10

Recent discoveries have found that living cells exploit a11

type of phase transition known as liquid-liquid phase sep-12

aration for intracellular organization. This new paradigm13

challenges the traditional textbook view of the cell that14

organelles are mostly membrane-bound. Rather, subcel-15

lular structures can take the form of dynamic, liquid-like16

networks of molecules called “biomolecular condensates”17

[1, 2]. These condensates are dense assemblies of dis-18

tinct proteins and nucleic acids that are driven by mul-19

tivalent interactions to segregate out of the intracellu-20

lar milieu. They enable functions vital for life, includ-21

ing gene regulation [3–5], signal transduction [6–8], and22

stress response [9–11], and when misregulated, they have23

been implicated in various diseases, most notably neu-24

rodegeneration [12–14] and cancer [15–18]. Understand-25

ing how condensates form and evolve over time in cells26

can deepen our physical understanding of emergent self-27

organization in biological systems and potentially inform28

human health.29

The earliest measurements of condensate physical30

properties were made on Caenorhabditis elegans germ31

granules, or P granules, which were shown to be liquid-32

like — they constantly fuse with each other, flow under33

applied shear stresses, and undergo internal rearrange-34

ment [19]. Often essential for their biological functions,35

the liquid-like nature of condensates enables them to ex-36

change materials with the surrounding dilute phase. For37

instance, metabolic condensates, such as purinosomes38

[20, 21], are enriched in enzymes, substrates, and other39

biomolecules involved in specific metabolic pathways [22].40

Regulating metabolic activity in condensates requires not41

only that reactants can partition into them, but also that42

products can later escape. However, with viscosities or-43

ders of magnitude larger than conventional oil droplets44

[23], condensates are thought to experience slow internal45

diffusion, limiting the exchange dynamics. More broadly,46

the speed of material exchange can influence the response47

of condensates to environmental changes, as well as the48

number, size, and spatial distribution of condensates via49

Ostwald ripening [24, 25]. Collectively, these effects can50

impact condensate function, motivating a need for tools51

to accurately measure and interpret the exchange dynam-52

ics.53

The timescales of molecular exchange are commonly54

measured with an experimental technique known as Flu-55

orescence Recovery After Photobleaching (FRAP) [26–56

29]. In a typical FRAP experiment, fluorescently labeled57

molecules are photobleached within a region of interest58

(ROI) upon irradiation with a high-intensity laser. The59

fluorescence intensity in the ROI then recovers over time60

due to molecular exchange with the surroundings until61
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constant intensity is eventually restored. Photobleaching62

can be performed on a subregion within a droplet, known63

as partial FRAP, or on an entire droplet, known as full64

FRAP. Exchange dynamics have been studied in a range65

of experimental condensate systems [6, 10, 30–33], and66

complementary theories were developed to extract mean-67

ingful physical quantities from measured fluorescence re-68

covery curves [34–37]. Notably, all of these studies made69

an assumption that the exchange dynamics were limited70

by molecular diffusion. However, recent studies suggest71

that condensate material exchange can also be limited by72

other physical processes due to the complexity of molecu-73

lar interactions [38–42], e.g., interface resistance [41, 42].74

The exchange dynamics of condensates are ultimately75

determined by the constituent biomolecules and their76

microscopic structures and interactions. While phase-77

separating molecules often exhibit a complex set of in-78

teractions, they generally conform to a “sticker-spacer”79

architecture [43, 44], where “stickers” represent residues,80

nucleotide segments, or larger folded domains capable of81

forming reversible physical cross-links that drive phase82

separation, and “spacers” exclude volume and connect83

the stickers to form polymers. In the sticker-spacer84

framework, it follows that phase-separating molecules of-85

ten form dynamically restructuring networks that go be-86

yond traditional liquid-liquid phase separation (Fig. 1a),87

sometimes referred to as “phase separation coupled to88

percolation” [45, 46]. In the modified physical picture89

(Fig. 1b), attachment/detachment of molecules to/from90

the percolated network intuitively gives rise to differ-91

ent mobility populations within the condensate for the92

same type of molecule. The low-mobility population (re-93

ferred to as “species 1”) represents molecules bound to94

the network, and the high-mobility population (referred95

to as “species 2”) represents freely diffusing molecules96

detached from the network. Indeed, multiple mobility97

populations have been reported in the dense phase of an98

in vitro reconstituted postsynaptic density system [47]99

as well as single-component A1-LCD condensates [48].100

However, a theory to interpret such experimental results101

has been missing. Here, we present a model that accounts102

for a condensate’s molecular network and discuss some of103

its implications for the exchange timescale.104

RESULTS105

A reaction-diffusion model for condensate exchange106

dynamics107

To explore how the percolated network and the pres-108

ence of two mobility species impact the condensate ex-109

change timescale, we first develop a reaction-diffusion110

model for a phase-separated system at equilibrium. As-111

suming a spherical condensate, we describe the recov-112

ery dynamics of a bleached condensate (equivalent to the113

FIG. 1. Schematics of a condensate in (a) the conventional
model, which assumes uniform molecular mobility inside and
outside the condensate (depicted in grey), and (b) our pro-
posed model, in which binding kinetics with the molecular
network can give rise to multiple mobilities for the same
molecule inside the condensate. Connected blue molecules are
bound to the network, whereas individual pink molecules are
freely diffusing. By attaching and detaching, the two mobility
species can convert between one another with rates k2→1 and
k1→2, respectively.

exchange dynamics) by the following coupled reaction-114

diffusion equations:115

∂c1
∂t

= ∇·
[
D1

(
∇c1 − c1

∇ceq1
ceq1

)]
+k (ceq1 c2 − ceq2 c1) , (1)

116

∂c2
∂t

= ∇·
[
D2

(
∇c2 − c2

∇ceq2
ceq2

)]
−k (ceq1 c2 − ceq2 c1) , (2)

where c1(r, t) and c2(r, t) are the bleached concentrations117

of species 1 and 2, respectively, D1(r) and D2(r) are118

their position-dependent diffusion coefficients, ceq1 (r) and119

ceq2 (r) are their equilibrium concentration profiles, and k120

is a parameter that encodes how fast molecules convert121

between species. The coordinate r is the distance from122

the center of the condensate, and t denotes the time.123

In Eqs. (1) and (2), the first terms on the right124

represent conventional Fickian diffusion in a concentra-125

tion gradient, and the second terms represent excess126

chemical potentials that drive molecules towards nonuni-127

form equilibrium concentration profiles. The third and128

fourth terms account for mobility switching due to bind-129

ing/unbinding with the network. Molecules can attach130

to the percolated network and lower their mobility with131

a rate k2→1(r), and detach from the network and regain132

higher mobility with a rate k1→2(r). Detailed balance133

requires that the fluxes of association (c2k2→1) and dis-134

sociation (c1k1→2) are equal at equilibrium, which allows135

us to characterize these rates in terms of a single pa-136

rameter, k(r) ≡ k2→1(r)/c
eq
1 (r) = k1→2(r)/c

eq
2 (r). For137

simplicity, we assume k to be a constant, independent of138

the location of the molecule. The system reaches equi-139

librium when c1(r, t)/c
eq
1 (r) = c2(r, t)/c

eq
2 (r) = fb, where140

the constant fb is the fraction of total molecules that are141

bleached.142

Analogous to a FRAP experiment, we set the initial143
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condition to be144

ci(r, 0) =

{
ceqi (r), r ≤ R;

0, r > R
(3)

for a fully bleached droplet, where i = 1, 2, and R is the145

droplet radius. We impose no-flux boundary conditions146

to conserve total particle number in the system:147

∂ci(r, t)

∂r

∣∣∣∣
r=0

=
∂ci(r, t)

∂r

∣∣∣∣
r=+∞

= 0. (4)

Upon solving for c1(r, t) and c2(r, t), we can obtain a nor-148

malized brightness curve I(t) for the fraction of molecules149

inside the droplet that are unbleached at a time t:150

I(t) = 1−
∫ R

0
[c1(r, t) + c2(r, t)] r

2dr∫ R

0
[ceq1 (r) + ceq2 (r)] r2dr

. (5)

Finally, the characteristic timescale τ of the exchange151

dynamics is identified by fitting I(t) to an exponential152

function of the form 1− e−t/τ .153

Quantifying the timescales of rate-limiting processes154

Analytical derivations155

A proxy for condensate material exchange, fluores-156

cence recovery in a bleached droplet is a multi-step157

process involving dilute-phase diffusion, network attach-158

ment/detachment, and dense-phase diffusion. We outline159

the rate-limiting steps of FRAP recovery in Fig. 2. First,160161

an unbleached molecule must diffuse through the dilute162

phase to reach the droplet surface. In the limit of low163

dilute-phase concentration, we derive the dilute-phase164

FIG. 2. Schematic (a) and flowchart (b) of rate-limiting pro-
cesses in the exchange dynamics of biomolecular condensates.
In order for fluorescence to recover in a bleached droplet, an
unbleached molecule first has to diffuse in the dilute phase
with a timescale τdil until it encounters the droplet, and then
either attach to the network at the surface with a timescale
τint and diffuse into the droplet with a timescale τ1,den, or
diffuse through the network mesh inside the droplet with
a timescale τ2,den and subsequently attach to the network
within the droplet bulk with a timescale τcon.

diffusion timescale τdil shown in Eq. (6a). Next, in the165

limit of low dense-phase concentration of species 2, the166

unbleached molecule is more likely to enter the droplet by167

attaching to the network at the droplet interface and sub-168

sequently diffusing into the bulk dense phase as species169

1. In this case, if interfacial attachment/detachment is170

rate-limiting, we derive the interface-limited timescale171

τint shown in Eq. (6b), whereas if dense-phase diffusion of172

species 1 is rate-limiting, we derive the timescale τ1,den173

shown in Eq. (6c). Finally, for sufficiently high dense-174

phase concentration of species 2, the unbleached molecule175

is more likely to enter the droplet by passing through176

the pores of the network and diffusing around the dense177

phase as species 2, which then attaches to and detaches178

from the network throughout the bulk of the droplet.179

In this case, if dense-phase diffusion of species 2 is rate-180

limiting, we derive the timescale τ2,den shown in Eq. (6d),181

whereas if attachment/detachment throughout the bulk182

of the droplet is rate-limiting, we derive the conversion-183

limited timescale τcon shown in Eq. (6e). Detailed deriva-184

tions of each timescale are provided in the Supplemental185

Material [49].186

τdil =
R2c1,den

3D2,dilc2,dil
, (6a)

τint =
R

3kc2,dilδeff
, (6b)

τ1,den =
R2

π2D1,den
, (6c)

τ2,den =
R2c1,den

π2D2,denc2,den
, (6d)

τcon =
1

kc2,den
. (6e)

D1,den and D2,den are the dense-phase diffusion coeffi-187

cients of species 1 and 2, respectively, c1,den and c2,den188

are the dense-phase equilibrium concentrations of species189

1 and 2, respectively, D2,dil is the dilute-phase diffusion190

coefficient of species 2, c2,dil is the dilute-phase equilib-191

rium concentration of species 2, and δeff is the effective192

width of the droplet interface. We note that c1,dil = 0 as193

there is no percolated network in the dilute phase. The194

above derivations also assume c2,den ≪ c1,den as species195

1 is energetically favored and therefore more abundant.196

Each physical process has a distinct timescale that197

scales with droplet size differently. Specifically, the198

diffusion-limited processes in both dense and dilute199

phases are associated with timescales that naturally200

scale as R2/D [Eqs. (6a), (6c), and (6d)]. The fac-201

tors c1,den/c2,dil and c1,den/c2,den in Eqs. (6a) and (6d)202

account for replacing bleached molecules of concentra-203

tion c1,den with unbleached molecules of concentrations204

c2,dil and c2,den, respectively. The interfacial timescale205

[Eq. (6b)] accounts for exchange of a volume of molecules206

(∼ R3) over a surface (∼ R2) and is therefore linear in207
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R. Lastly, the conversion-limited timescale [Eq. (6e)] is208

independent of R, which arises due to rate-limiting de-209

tachment of bleached molecules throughout the bulk of210

the dense phase, i.e., the lifetime of a molecule in the net-211

work [given by 1/k1→2 = 1/(kc2,den)]. Once detached,212

these molecules can quickly escape the droplet, allowing213

unbleached molecules to attach to the network.214

Putting together the rate-limiting steps, we propose215

the following expression for the overall timescale of fluo-216

rescence recovery:217

τ = τdil +
[
(τint + τ1,den)

−1
+ (τ2,den + τcon)

−1
]−1

, (7)

where following diffusion in the dilute phase, two compet-218

ing modes of recovery occur in parallel, each a sequence219

of two steps (Fig. 2b). It is worth noting that by set-220

ting c2,den = 0 in Eq. (7), i.e., assuming a single mobil-221

ity species inside the droplet, we recover results of our222

previous study [41]. In particular, Eq. (6b) arises due to223

the “interface resistance” of the droplet, which was previ-224

ously modeled with a phenomenological parameter κ, but225

now acquires a clear physical meaning: τint is governed226

by the molecular attachment/detachment at the droplet227

interface. For c2,den > 0, the emergence of a new path-228

way in Fig. 2 leads to two previously unrecognized terms229

in the recovery time [Eq. (7)], resulting in a complex de-230

pendence of τ on the droplet radius R. We demonstrate231

this complex dependence via numerical simulations and232

FRAP experiments on DNA nanostar droplets below.233

Numerical simulations234

In the previous section, we derived the timescale of235

fluorescence recovery by analytically solving the reaction-236

diffusion system described by Eqs. (1-5) in various limits.237

Here, we numerically verify these timescales and visual-238

ize the different FRAP signatures in each rate-limiting239

case. Specifically, we first specify the functional forms240

of equilibrium concentrations and diffusion coefficients241

with sharp but smooth transitions at the droplet inter-242

face (r = R) over a finite width ∼ l:243

ceqi (r) =
ci,dil − ci,den

2
tanh

(
r −R

l

)
+

ci,dil + ci,den
2

,

Di(r) =
Di,dil −Di,den

2
tanh

(
r −R

l

)
+

Di,dil +Di,den

2
,

which are consistent with equilibrium solutions of the244

Cahn-Hilliard equation [50]. The initial and bound-245

ary conditions are given by Eqs. (3) and (4), respec-246

tively, except that the boundary at r = +∞ is replaced247

by r = rmax for the finite size of the system. We248

then solve Eqs. (1) and (2) numerically under spher-249

ical symmetry using the pdepe function in MATLAB,250

which employs finite-difference spatial discretization with251
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FIG. 3. Representative simulation in a dilute-phase diffusion-
limited scenario (parameters from top row in Table I). (a)
Equilibrium concentration profiles and (b) diffusivity profiles
for species 1 and 2. (c) Simulated radial concentration profiles
of the bleached molecules for a few illustrative times. (d) Sim-
ulated brightness curve with exponential fit using nonlinear
least squares. Simulations were performed with radial step
size dr = 20nm over a system size of rmax = 30µm for 1000
timepoints (the solver dynamically selects both the timestep
and formula).

a variable-step, variable-order solver for time integration252

[51]. The numerical solutions for c1(r, t) and c2(r, t) are253

used to compute a brightness curve in accordance with254

Eq. (5), which is subsequently fitted to extract the recov-255

ery timescale.256257258259260

We show an example where the FRAP recovery is261

limited by dilute-phase diffusion in Fig. 3. Guided by262

Eq. (7), we choose physiological parameters of condensate263

systems [23, 52, 53] that lead to τ ≈ τdil (Table I). The264

numerically extracted relaxation time τ = 15.1 s of an265

R = 1µm droplet is indeed close to the theory prediction266

of τdil = 13.3 s. We repeat a similar procedure for various267

parameter sets in which the timescale of fluorescence re-268

covery is limited by interfacial attachment/detachment,269

dense-phase diffusion of the low-mobility species, dense-270

phase diffusion of the high-mobility species, and attach-271

ment/detachment throughout the bulk of the condensate,272

totaling five cases. Simulated spatial fluorescence recov-273

ery profiles for each of these cases are shown in Fig. 4274

with parameters listed in Table I. The two cases of dense-275

phase diffusion-limited recovery (rows c and d) can read-276

ily be distinguished by the pronounced gradient present277

due to unbleached molecules gradually diffusing into the278

condensate and bleached ones diffusing out, whereas the279

remaining three cases all display a uniform recovery. De-280

tails of the numerical implementation and fitting are pro-281

vided in the Supplemental Material [49].282

Based on Eq. (6), condensate recovery timescales are283

expected to follow different scaling laws in different284
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TABLE I. Parameter choice for numerical simulations of five rate-limiting cases.

Case c1,den c1,dil c2,den c2,dil D1,den D1,dil D2,den D2,dil l k
(µM) (µM) (µM) (µM) (µm2/s) (µm2/s) (µm2/s) (µm2/s) (µm) (µM−1s−1)

τ ≈ τdil 2000 0 0 5 0.1 0.1 1 10 0.1 1
τ ≈ τint 1000 0 0 10 0.02 0.02 1 50 0.1 0.005
τ ≈ τ1,den 1000 0 0 10 0.02 0.02 1 50 0.1 1
τ ≈ τ2,den 1995 0 5 10 5× 10−5 5× 10−5 0.1 50 0.01 0.005
τ ≈ τcon 980 0 20 10 0.02 0.02 1 50 0.05 1× 10−4
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<latexit sha1_base64="3XcV0IsTwlKaqrmfsu1sZ/u9WG0=">AAAB7HicbVBNT8JAEJ3iF+IX6tFLI2g8kZYDejEh8eIREwsk0JDtsoUN222zOzUhDb/BiweN8eoP8ua/cYEeFHzJJC/vzWRmXpAIrtFxvq3CxubW9k5xt7S3f3B4VD4+aes4VZR5NBax6gZEM8El85CjYN1EMRIFgnWCyd3c7zwxpXksH3GaMD8iI8lDTgkayavirVMdlCtOzVnAXiduTiqQozUof/WHMU0jJpEKonXPdRL0M6KQU8FmpX6qWULohIxYz1BJIqb9bHHszL4wytAOY2VKor1Qf09kJNJ6GgWmMyI41qveXPzP66UY3vgZl0mKTNLlojAVNsb2/HN7yBWjKKaGEKq4udWmY6IIRZNPyYTgrr68Ttr1mtuoNR7qleZlHkcRzuAcrsCFa2jCPbTAAwocnuEV3ixpvVjv1seytWDlM6fwB9bnD4NTjcI=</latexit>

t = 0
<latexit sha1_base64="tJyb4NyJ9i0Gd1xsFDIB6xYE5ho=">AAAB73icbVA9SwNBEJ3zM8avqKXNYqJYhbsU0UYI2FhGMB+QHGFvs5cs2ds7d+eEEPInbCwUsfXv2Plv3CRXaOKDgcd7M8zMCxIpDLrut7O2vrG5tZ3bye/u7R8cFo6OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Mbz1xbUSsHnCccD+iAyVCwShaqV3Cmy7StNQrFN2yOwdZJV5GipCh3it8dfsxSyOukElqTMdzE/QnVKNgkk/z3dTwhLIRHfCOpYpG3PiT+b1Tcm6VPgljbUshmau/JyY0MmYcBbYzojg0y95M/M/rpBhe+xOhkhS5YotFYSoJxmT2POkLzRnKsSWUaWFvJWxINWVoI8rbELzll1dJs1L2quXqfaVYu8jiyMEpnMEleHAFNbiDOjSAgYRneIU359F5cd6dj0XrmpPNnMAfOJ8/L3SPVg==</latexit>

t = ⌧
<latexit sha1_base64="3c/WX8pqodT7KsSDcVvuxrxj650=">AAAB8XicbVA9SwNBEJ3zM8avqKXNYqJYhbsU0UYI2FhGMB+YHGFvs5cs2ds7dueEEPIvbCwUsfXf2Plv3CRXaOKDgcd7M8zMCxIpDLrut7O2vrG5tZ3bye/u7R8cFo6OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Mbz1xbUSsHnCccD+iAyVCwSha6bGENxXSRZqWeoWiW3bnIKvEy0gRMtR7ha9uP2ZpxBUySY3peG6C/oRqFEzyab6bGp5QNqID3rFU0YgbfzK/eErOrdInYaxtKSRz9ffEhEbGjKPAdkYUh2bZm4n/eZ0Uw2t/IlSSIldssShMJcGYzN4nfaE5Qzm2hDIt7K2EDammDG1IeRuCt/zyKmlWyl61XL2vFGsXWRw5OIUzuAQPrqAGd1CHBjBQ8Ayv8OYY58V5dz4WrWtONnMCf+B8/gD5GI+8</latexit>

t = 2⌧
<latexit sha1_base64="mRgh6LH4O0PnFWPFJkgsvFhvILg=">AAAB8nicbVDLSgNBEJyNrxhfUY9eFoPiKezmED0GvHiMYB6wWcLsZDYZMo91pkcIIZ/hxYMiXv0ab/6Nk2QPmljQUFR1092VZJwZCIJvr7CxubW9U9wt7e0fHB6Vj0/aRllNaIsornQ3wYZyJmkLGHDazTTFIuG0k4xv537niWrDlHyASUZjgYeSpYxgcFJEHy3jLNHMin65ElSDBfx1EuakgnI0++Wv3kARK6gEwrExURhkEE+xBkY4nZV61tAMkzEe0shRiQU18XRx8sy/cMrAT5V2JcFfqL8nplgYMxGJ6xQYRmbVm4v/eZGF9CaeMplZoJIsF6WW+6D8+f/+gGlKgE8cwUQzd6tPRlhjAi6lkgshXH15nbRr1bBerd/XKo3LPI4iOkPn6AqF6Bo10B1qohYiSKFn9IrePPBevHfvY9la8PKZU/QH3ucPwmWRfQ==</latexit>

equilibrium

<latexit sha1_base64="JWpW7VobNMMOivC0yhOSAEDxFCU="></latexit>

R = 1µm

<latexit sha1_base64="fYiCKVxCrkbVRGYkB+G/dKvy/qA=">AAAB83icbVBNSwMxEM36WetX1aOXYKt4WnYLVi9CwYvHCvYDukvJptk2NJtdkolQSv+GFw+KePXPePPfmLZ70NYHA4/3ZpiZF2WCa/C8b2dtfWNza7uwU9zd2z84LB0dt3RqFGVNmopUdSKimeCSNYGDYJ1MMZJEgrWj0d3Mbz8xpXkqH2GcsTAhA8ljTglYKajArede4QCIqfRKZc/15sCrxM9JGeVo9EpfQT+lJmESqCBad30vg3BCFHAq2LQYGM0yQkdkwLqWSpIwHU7mN0/xuVX6OE6VLQl4rv6emJBE63ES2c6EwFAvezPxP69rIL4JJ1xmBpiki0WxERhSPAsA97liFMTYEkIVt7diOiSKULAxFW0I/vLLq6RVdf2aW3uolusXeRwFdIrO0CXy0TWqo3vUQE1EUYae0St6c4zz4rw7H4vWNSefOUF/4Hz+ANqXkDE=</latexit>

t = 0.5⌧
<latexit sha1_base64="3XcV0IsTwlKaqrmfsu1sZ/u9WG0=">AAAB7HicbVBNT8JAEJ3iF+IX6tFLI2g8kZYDejEh8eIREwsk0JDtsoUN222zOzUhDb/BiweN8eoP8ua/cYEeFHzJJC/vzWRmXpAIrtFxvq3CxubW9k5xt7S3f3B4VD4+aes4VZR5NBax6gZEM8El85CjYN1EMRIFgnWCyd3c7zwxpXksH3GaMD8iI8lDTgkayavirVMdlCtOzVnAXiduTiqQozUof/WHMU0jJpEKonXPdRL0M6KQU8FmpX6qWULohIxYz1BJIqb9bHHszL4wytAOY2VKor1Qf09kJNJ6GgWmMyI41qveXPzP66UY3vgZl0mKTNLlojAVNsb2/HN7yBWjKKaGEKq4udWmY6IIRZNPyYTgrr68Ttr1mtuoNR7qleZlHkcRzuAcrsCFa2jCPbTAAwocnuEV3ixpvVjv1seytWDlM6fwB9bnD4NTjcI=</latexit>

t = 0
<latexit sha1_base64="tJyb4NyJ9i0Gd1xsFDIB6xYE5ho=">AAAB73icbVA9SwNBEJ3zM8avqKXNYqJYhbsU0UYI2FhGMB+QHGFvs5cs2ds7d+eEEPInbCwUsfXv2Plv3CRXaOKDgcd7M8zMCxIpDLrut7O2vrG5tZ3bye/u7R8cFo6OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Mbz1xbUSsHnCccD+iAyVCwShaqV3Cmy7StNQrFN2yOwdZJV5GipCh3it8dfsxSyOukElqTMdzE/QnVKNgkk/z3dTwhLIRHfCOpYpG3PiT+b1Tcm6VPgljbUshmau/JyY0MmYcBbYzojg0y95M/M/rpBhe+xOhkhS5YotFYSoJxmT2POkLzRnKsSWUaWFvJWxINWVoI8rbELzll1dJs1L2quXqfaVYu8jiyMEpnMEleHAFNbiDOjSAgYRneIU359F5cd6dj0XrmpPNnMAfOJ8/L3SPVg==</latexit>

t = ⌧
<latexit sha1_base64="3c/WX8pqodT7KsSDcVvuxrxj650=">AAAB8XicbVA9SwNBEJ3zM8avqKXNYqJYhbsU0UYI2FhGMB+YHGFvs5cs2ds7dueEEPIvbCwUsfXf2Plv3CRXaOKDgcd7M8zMCxIpDLrut7O2vrG5tZ3bye/u7R8cFo6OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Mbz1xbUSsHnCccD+iAyVCwSha6bGENxXSRZqWeoWiW3bnIKvEy0gRMtR7ha9uP2ZpxBUySY3peG6C/oRqFEzyab6bGp5QNqID3rFU0YgbfzK/eErOrdInYaxtKSRz9ffEhEbGjKPAdkYUh2bZm4n/eZ0Uw2t/IlSSIldssShMJcGYzN4nfaE5Qzm2hDIt7K2EDammDG1IeRuCt/zyKmlWyl61XL2vFGsXWRw5OIUzuAQPrqAGd1CHBjBQ8Ayv8OYY58V5dz4WrWtONnMCf+B8/gD5GI+8</latexit>

t = 2⌧
<latexit sha1_base64="mRgh6LH4O0PnFWPFJkgsvFhvILg=">AAAB8nicbVDLSgNBEJyNrxhfUY9eFoPiKezmED0GvHiMYB6wWcLsZDYZMo91pkcIIZ/hxYMiXv0ab/6Nk2QPmljQUFR1092VZJwZCIJvr7CxubW9U9wt7e0fHB6Vj0/aRllNaIsornQ3wYZyJmkLGHDazTTFIuG0k4xv537niWrDlHyASUZjgYeSpYxgcFJEHy3jLNHMin65ElSDBfx1EuakgnI0++Wv3kARK6gEwrExURhkEE+xBkY4nZV61tAMkzEe0shRiQU18XRx8sy/cMrAT5V2JcFfqL8nplgYMxGJ6xQYRmbVm4v/eZGF9CaeMplZoJIsF6WW+6D8+f/+gGlKgE8cwUQzd6tPRlhjAi6lkgshXH15nbRr1bBerd/XKo3LPI4iOkPn6AqF6Bo10B1qohYiSKFn9IrePPBevHfvY9la8PKZU/QH3ucPwmWRfQ==</latexit>

equilibrium

<latexit sha1_base64="JWpW7VobNMMOivC0yhOSAEDxFCU="></latexit>

R = 1µm

<latexit sha1_base64="fYiCKVxCrkbVRGYkB+G/dKvy/qA=">AAAB83icbVBNSwMxEM36WetX1aOXYKt4WnYLVi9CwYvHCvYDukvJptk2NJtdkolQSv+GFw+KePXPePPfmLZ70NYHA4/3ZpiZF2WCa/C8b2dtfWNza7uwU9zd2z84LB0dt3RqFGVNmopUdSKimeCSNYGDYJ1MMZJEgrWj0d3Mbz8xpXkqH2GcsTAhA8ljTglYKajArede4QCIqfRKZc/15sCrxM9JGeVo9EpfQT+lJmESqCBad30vg3BCFHAq2LQYGM0yQkdkwLqWSpIwHU7mN0/xuVX6OE6VLQl4rv6emJBE63ES2c6EwFAvezPxP69rIL4JJ1xmBpiki0WxERhSPAsA97liFMTYEkIVt7diOiSKULAxFW0I/vLLq6RVdf2aW3uolusXeRwFdIrO0CXy0TWqo3vUQE1EUYae0St6c4zz4rw7H4vWNSefOUF/4Hz+ANqXkDE=</latexit>

t = 0.5⌧
<latexit sha1_base64="3XcV0IsTwlKaqrmfsu1sZ/u9WG0=">AAAB7HicbVBNT8JAEJ3iF+IX6tFLI2g8kZYDejEh8eIREwsk0JDtsoUN222zOzUhDb/BiweN8eoP8ua/cYEeFHzJJC/vzWRmXpAIrtFxvq3CxubW9k5xt7S3f3B4VD4+aes4VZR5NBax6gZEM8El85CjYN1EMRIFgnWCyd3c7zwxpXksH3GaMD8iI8lDTgkayavirVMdlCtOzVnAXiduTiqQozUof/WHMU0jJpEKonXPdRL0M6KQU8FmpX6qWULohIxYz1BJIqb9bHHszL4wytAOY2VKor1Qf09kJNJ6GgWmMyI41qveXPzP66UY3vgZl0mKTNLlojAVNsb2/HN7yBWjKKaGEKq4udWmY6IIRZNPyYTgrr68Ttr1mtuoNR7qleZlHkcRzuAcrsCFa2jCPbTAAwocnuEV3ixpvVjv1seytWDlM6fwB9bnD4NTjcI=</latexit>

t = 0
<latexit sha1_base64="tJyb4NyJ9i0Gd1xsFDIB6xYE5ho=">AAAB73icbVA9SwNBEJ3zM8avqKXNYqJYhbsU0UYI2FhGMB+QHGFvs5cs2ds7d+eEEPInbCwUsfXv2Plv3CRXaOKDgcd7M8zMCxIpDLrut7O2vrG5tZ3bye/u7R8cFo6OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Mbz1xbUSsHnCccD+iAyVCwShaqV3Cmy7StNQrFN2yOwdZJV5GipCh3it8dfsxSyOukElqTMdzE/QnVKNgkk/z3dTwhLIRHfCOpYpG3PiT+b1Tcm6VPgljbUshmau/JyY0MmYcBbYzojg0y95M/M/rpBhe+xOhkhS5YotFYSoJxmT2POkLzRnKsSWUaWFvJWxINWVoI8rbELzll1dJs1L2quXqfaVYu8jiyMEpnMEleHAFNbiDOjSAgYRneIU359F5cd6dj0XrmpPNnMAfOJ8/L3SPVg==</latexit>

t = ⌧
<latexit sha1_base64="3c/WX8pqodT7KsSDcVvuxrxj650=">AAAB8XicbVA9SwNBEJ3zM8avqKXNYqJYhbsU0UYI2FhGMB+YHGFvs5cs2ds7dueEEPIvbCwUsfXf2Plv3CRXaOKDgcd7M8zMCxIpDLrut7O2vrG5tZ3bye/u7R8cFo6OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Mbz1xbUSsHnCccD+iAyVCwSha6bGENxXSRZqWeoWiW3bnIKvEy0gRMtR7ha9uP2ZpxBUySY3peG6C/oRqFEzyab6bGp5QNqID3rFU0YgbfzK/eErOrdInYaxtKSRz9ffEhEbGjKPAdkYUh2bZm4n/eZ0Uw2t/IlSSIldssShMJcGYzN4nfaE5Qzm2hDIt7K2EDammDG1IeRuCt/zyKmlWyl61XL2vFGsXWRw5OIUzuAQPrqAGd1CHBjBQ8Ayv8OYY58V5dz4WrWtONnMCf+B8/gD5GI+8</latexit>

t = 2⌧
<latexit sha1_base64="mRgh6LH4O0PnFWPFJkgsvFhvILg=">AAAB8nicbVDLSgNBEJyNrxhfUY9eFoPiKezmED0GvHiMYB6wWcLsZDYZMo91pkcIIZ/hxYMiXv0ab/6Nk2QPmljQUFR1092VZJwZCIJvr7CxubW9U9wt7e0fHB6Vj0/aRllNaIsornQ3wYZyJmkLGHDazTTFIuG0k4xv537niWrDlHyASUZjgYeSpYxgcFJEHy3jLNHMin65ElSDBfx1EuakgnI0++Wv3kARK6gEwrExURhkEE+xBkY4nZV61tAMkzEe0shRiQU18XRx8sy/cMrAT5V2JcFfqL8nplgYMxGJ6xQYRmbVm4v/eZGF9CaeMplZoJIsF6WW+6D8+f/+gGlKgE8cwUQzd6tPRlhjAi6lkgshXH15nbRr1bBerd/XKo3LPI4iOkPn6AqF6Bo10B1qohYiSKFn9IrePPBevHfvY9la8PKZU/QH3ucPwmWRfQ==</latexit>

equilibrium

<latexit sha1_base64="fYiCKVxCrkbVRGYkB+G/dKvy/qA=">AAAB83icbVBNSwMxEM36WetX1aOXYKt4WnYLVi9CwYvHCvYDukvJptk2NJtdkolQSv+GFw+KePXPePPfmLZ70NYHA4/3ZpiZF2WCa/C8b2dtfWNza7uwU9zd2z84LB0dt3RqFGVNmopUdSKimeCSNYGDYJ1MMZJEgrWj0d3Mbz8xpXkqH2GcsTAhA8ljTglYKajArede4QCIqfRKZc/15sCrxM9JGeVo9EpfQT+lJmESqCBad30vg3BCFHAq2LQYGM0yQkdkwLqWSpIwHU7mN0/xuVX6OE6VLQl4rv6emJBE63ES2c6EwFAvezPxP69rIL4JJ1xmBpiki0WxERhSPAsA97liFMTYEkIVt7diOiSKULAxFW0I/vLLq6RVdf2aW3uolusXeRwFdIrO0CXy0TWqo3vUQE1EUYae0St6c4zz4rw7H4vWNSefOUF/4Hz+ANqXkDE=</latexit>

t = 0.5⌧
<latexit sha1_base64="3XcV0IsTwlKaqrmfsu1sZ/u9WG0=">AAAB7HicbVBNT8JAEJ3iF+IX6tFLI2g8kZYDejEh8eIREwsk0JDtsoUN222zOzUhDb/BiweN8eoP8ua/cYEeFHzJJC/vzWRmXpAIrtFxvq3CxubW9k5xt7S3f3B4VD4+aes4VZR5NBax6gZEM8El85CjYN1EMRIFgnWCyd3c7zwxpXksH3GaMD8iI8lDTgkayavirVMdlCtOzVnAXiduTiqQozUof/WHMU0jJpEKonXPdRL0M6KQU8FmpX6qWULohIxYz1BJIqb9bHHszL4wytAOY2VKor1Qf09kJNJ6GgWmMyI41qveXPzP66UY3vgZl0mKTNLlojAVNsb2/HN7yBWjKKaGEKq4udWmY6IIRZNPyYTgrr68Ttr1mtuoNR7qleZlHkcRzuAcrsCFa2jCPbTAAwocnuEV3ixpvVjv1seytWDlM6fwB9bnD4NTjcI=</latexit>

t = 0
<latexit sha1_base64="tJyb4NyJ9i0Gd1xsFDIB6xYE5ho=">AAAB73icbVA9SwNBEJ3zM8avqKXNYqJYhbsU0UYI2FhGMB+QHGFvs5cs2ds7d+eEEPInbCwUsfXv2Plv3CRXaOKDgcd7M8zMCxIpDLrut7O2vrG5tZ3bye/u7R8cFo6OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Mbz1xbUSsHnCccD+iAyVCwShaqV3Cmy7StNQrFN2yOwdZJV5GipCh3it8dfsxSyOukElqTMdzE/QnVKNgkk/z3dTwhLIRHfCOpYpG3PiT+b1Tcm6VPgljbUshmau/JyY0MmYcBbYzojg0y95M/M/rpBhe+xOhkhS5YotFYSoJxmT2POkLzRnKsSWUaWFvJWxINWVoI8rbELzll1dJs1L2quXqfaVYu8jiyMEpnMEleHAFNbiDOjSAgYRneIU359F5cd6dj0XrmpPNnMAfOJ8/L3SPVg==</latexit>

t = ⌧
<latexit sha1_base64="3c/WX8pqodT7KsSDcVvuxrxj650=">AAAB8XicbVA9SwNBEJ3zM8avqKXNYqJYhbsU0UYI2FhGMB+YHGFvs5cs2ds7dueEEPIvbCwUsfXf2Plv3CRXaOKDgcd7M8zMCxIpDLrut7O2vrG5tZ3bye/u7R8cFo6OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Mbz1xbUSsHnCccD+iAyVCwSha6bGENxXSRZqWeoWiW3bnIKvEy0gRMtR7ha9uP2ZpxBUySY3peG6C/oRqFEzyab6bGp5QNqID3rFU0YgbfzK/eErOrdInYaxtKSRz9ffEhEbGjKPAdkYUh2bZm4n/eZ0Uw2t/IlSSIldssShMJcGYzN4nfaE5Qzm2hDIt7K2EDammDG1IeRuCt/zyKmlWyl61XL2vFGsXWRw5OIUzuAQPrqAGd1CHBjBQ8Ayv8OYY58V5dz4WrWtONnMCf+B8/gD5GI+8</latexit>

t = 2⌧
<latexit sha1_base64="mRgh6LH4O0PnFWPFJkgsvFhvILg=">AAAB8nicbVDLSgNBEJyNrxhfUY9eFoPiKezmED0GvHiMYB6wWcLsZDYZMo91pkcIIZ/hxYMiXv0ab/6Nk2QPmljQUFR1092VZJwZCIJvr7CxubW9U9wt7e0fHB6Vj0/aRllNaIsornQ3wYZyJmkLGHDazTTFIuG0k4xv537niWrDlHyASUZjgYeSpYxgcFJEHy3jLNHMin65ElSDBfx1EuakgnI0++Wv3kARK6gEwrExURhkEE+xBkY4nZV61tAMkzEe0shRiQU18XRx8sy/cMrAT5V2JcFfqL8nplgYMxGJ6xQYRmbVm4v/eZGF9CaeMplZoJIsF6WW+6D8+f/+gGlKgE8cwUQzd6tPRlhjAi6lkgshXH15nbRr1bBerd/XKo3LPI4iOkPn6AqF6Bo10B1qohYiSKFn9IrePPBevHfvY9la8PKZU/QH3ucPwmWRfQ==</latexit>

equilibrium

(a)

(b)

(c)

(d)

(e)

<latexit sha1_base64="JWpW7VobNMMOivC0yhOSAEDxFCU="></latexit>

R = 1µm

<latexit sha1_base64="JWpW7VobNMMOivC0yhOSAEDxFCU="></latexit>

R = 1µm

<latexit sha1_base64="JWpW7VobNMMOivC0yhOSAEDxFCU="></latexit>

R = 1µm

<latexit sha1_base64="JTws/qEZIz0IecFBGmPLANG/z1g=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoOQU9jNIXoMePEYwTwgWcLsZDYZMjO7zkMISz7DiwdFvPo13vwbJ8keNLGgoajqprsrSjnTxve/vcLW9s7uXnG/dHB4dHxSPj3r6MQqQtsk4YnqRVhTziRtG2Y47aWKYhFx2o2mtwu/+0SVZol8MLOUhgKPJYsZwcZJffpoGWeRYlYMyxW/5i+BNkmQkwrkaA3LX4NRQqyg0hCOte4HfmrCDCvDCKfz0sBqmmIyxWPad1RiQXWYLU+eoyunjFCcKFfSoKX6eyLDQuuZiFynwGai172F+J/Xtya+CTMmU2uoJKtFseXIJGjxPxoxRYnhM0cwUczdisgEK0yMS6nkQgjWX94knXotaNQa9/VKs5rHUYQLuIQqBHANTbiDFrSBQALP8ApvnvFevHfvY9Va8PKZc/gD7/MHwv+Rfw==</latexit>

equilibrium
<latexit sha1_base64="3c/WX8pqodT7KsSDcVvuxrxj650=">AAAB8XicbVA9SwNBEJ3zM8avqKXNYqJYhbsU0UYI2FhGMB+YHGFvs5cs2ds7dueEEPIvbCwUsfXf2Plv3CRXaOKDgcd7M8zMCxIpDLrut7O2vrG5tZ3bye/u7R8cFo6OmyZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Mbz1xbUSsHnCccD+iAyVCwSha6bGENxXSRZqWeoWiW3bnIKvEy0gRMtR7ha9uP2ZpxBUySY3peG6C/oRqFEzyab6bGp5QNqID3rFU0YgbfzK/eErOrdInYaxtKSRz9ffEhEbGjKPAdkYUh2bZm4n/eZ0Uw2t/IlSSIldssShMJcGYzN4nfaE5Qzm2hDIt7K2EDammDG1IeRuCt/zyKmlWyl61XL2vFGsXWRw5OIUzuAQPrqAGd1CHBjBQ8Ayv8OYY58V5dz4WrWtONnMCf+B8/gD5GI+8</latexit>
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FIG. 4. Simulated FRAP recovery profiles when fluores-
cence recovery is limited by (a) dilute-phase diffusion, (b)
interfacial attachment/detachment, (c) dense-phase diffusion
of species 1, (d) dense-phase diffusion of species 2, and (e)
attachment/detachment throughout the bulk of the conden-
sate. Green indicates fluorescent molecules and black indi-
cates bleached molecules. Simulations were performed with
radial step sizes 1/5 of the interface width l, and the system
size was rmax = 30µm. 1000 timepoints were recorded over
4τ -long runtimes.

rate-limiting cases. As shown in Fig. 5, the different285

timescales indeed scale differently with droplet size in286

silico as well. When diffusive processes are rate-limiting,287

the scaling law is quadratic; when the interfacial flux is288

rate-limiting, the scaling law is linear; and when the net-289

work attachment/detachment throughout the droplet is290

rate-limiting, the scaling law is independent of droplet291

size.292

Application to a DNA nanostar system293

Finally, we sought to employ our theory in an ex-294

perimental system composed of DNA nanostars — a295

model system for investigating biomolecular condensa-296

tion. Thanks to advances in artificial DNA synthesis297

techniques, DNA nanostars offer highly programmable298

interactions: binding specificity and affinity can be tuned299

via the sequence and length of single-stranded overhangs,300

and valence via the number of arms. These features301

collectively enable a diverse range of phase behaviors302

[54–57]. Our DNA nanostars are composed of three303

arms of double-stranded DNA, each with a short tail of304

single-stranded DNA known as a “sticky end” due to its305

propensity to Watson-Crick base-pair with complemen-306

tary strands (Fig. 6a). The sticky ends make these nanos-307

tars readily phase-separable, and micron-sized droplets308

can be seen with confocal microscopy. Details about se-309

quences and sample preparation are given in the Supple-310

mental Material [49].311312

DNA nanostars form porous networks inside their con-313

densates, with the mesh size determined by the engi-314

neered arm length and valence [59, 60]. This property315

makes them a prime system in which to observe the new316

mode of recovery discussed above: nearby molecules may317

penetrate the droplet surface and diffuse freely within318

the droplet before attaching to the network. If this319

were the dominant recovery mechanism, we would ex-320

pect to observe conversion-limited recovery for small321

droplets, transitioning to diffusion-limited recovery for322

large droplets. Upon performing FRAP on nanostar323

droplets of varying sizes (Fig. 6b), we noticed that the324

recovery curves and hence the recovery timescales were325

nearly identical for droplets of small sizes (R ≲ 1.5µm),326

despite spanning nearly a twofold size range (Fig. 6c and327

6d). This observation aligns with the scaling behavior328

of conversion-limited recovery. If the recovery of these329

droplets were diffusion-limited, whether by dilute-phase330

diffusion, species 1 dense-phase diffusion, or species 2331

dense-phase diffusion, we would expect nearly a fourfold332

difference in exchange timescale. For larger droplets, we333

see a quadratic scaling that plateaus at the conversion-334

limited timescale (Fig. 6d). Upon fitting the data with335

the shifted quadratic function τ = a + bR2, we find the336

constants a and b are well-constrained: a = 145.0± 5.6 s337

and b = 14.1± 0.7µm−2s.338

As suggested by our theory, the plateau regime arises339

because the recovery is conversion-limited, i.e., τcon =340

1/(kc2,den) = a. Nanostar droplets are porous, with a341

measured pore size comparable to the arm length. It342

has been reported that the partition coefficient for 70343
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FIG. 5. Theoretical and simulated scaling laws show good agreement in each rate-limiting case: (a) dilute-phase diffusion-limited
timescale scales with R2, (b) interface-limited timescale scales with R, (c) dense-phase diffusion-limited timescale (species 1)
scales with R2, (d) dense-phase diffusion-limited timescale (species 2) scales with R2, and (e) conversion-limited timescale is
independent of R. Red curves: theoretical predictions from Eq. (6) using parameters from Table I; black crosses: simulation
results for droplets of radii R = 0.5µm, 1µm, and 2µm.

kDa dextran (hydrodynamic radius 6 nm) is about 0.3344

– 0.6 in such systems [59, 60]. Given that our nanos-345

tars have a hydrodynamic radius (5 – 7 nm) similar346

to that of dextran, we expect the unbound species of347

nanostars to partition in these nanostar droplets to a348

similar extent as the dextran. Assuming a partition co-349

efficient of 0.5 and dilute-phase concentration of 1µM,350

c2,den ≈ 0.5 c2,dil ≈ 0.5µM, and the rate of nanostar351

attachment inside the condensate can be estimated as352

k = 1/(ac2,den) ≈ 0.014µM−1s−1. This rate appears to353

be much lower than the reported on-rate for nanostars354

in dilute solution, which ranges from 0.1 to 1µM−1s−1
355

[61]. The discrepancy likely arises because we have mod-356

eled the attachment flux as kceq1 c2 in Eq. (1), implicitly357

assuming that every species 1 nanostar in the percolated358

network can bind to freely diffusing species 2 nanostars.359

However, many nanostars in the network may already be360

in a fully bound state or spatially occluded and thus un-361

available for binding, leading to a smaller apparent k. If362

we take these numbers seriously, this would suggest that363

about 90% of nanostars are not available for binding in364

the droplet.365

Beyond the plateau regime, comparing the interface-366

limited timescale with the conversion-limited timescale367

gives the relation τint = τconRc2,den/(3δeffc2,dil). Also,368

nanostar condensates have a surface tension around369

1µN/m [56], which corresponds to an effective inter-370

face width δeff ≈ 30 nm. Therefore, a droplet of ra-371

dius R (in µm) would have an interface-limited timescale372

τint ≈ 800R s. Since this is much longer than the recovery373

times measured experimentally, we argue that the con-374

ventional pathway of attaching at the droplet interface375

followed by diffusion through the network is not the fa-376

vored mode of recovery for the nanostar droplets studied377

here. This leads to a reduced expression for the overall378

relaxation time from Eq. (7): τ = τdil + τ2,den + τcon.379

While τcon = a sets the plateau value, both τdil and380

τ2,den scale with R2 and can contribute to the prefactor381

b = c1,den/(3D2,dilc2,dil) + c1,den/(π
2D2,denc2,den). Tak-382

ing c1,den = 200µM, c2,dil = 1µM, c2,den = 0.5µM,383

and D2,dil = 20µm2/s (from the Stokes-Einstein rela-384

tion) [58, 62], we estimate D2,den ≈ 4µm2/s.385

DISCUSSION386

A hallmark of biomolecular condensates is their dy-387

namic exchange of materials with their surroundings, a388

feature often crucial to their function. In this work, we389

developed a novel reaction-diffusion model to describe390

condensate exchange dynamics and explored how such391

dynamics can deviate from those of conventional liquid392

droplets due to the formation of a percolated network in393

the condensate. We found that in the presence of two394

mobility states, material exchange can be accelerated via395

a new pathway in which molecules pass through the pores396

of the meshwork and attach/detach directly in the con-397

densate interior. Notably, this pathway leads to a new398

regime where the exchange timescale becomes indepen-399

dent of condensate size, a prediction we confirmed using400

FRAP experiments on DNA nanostar condensates.401

In this study, we focused on the exchange dynamics402

of in vitro single-component condensates and approxi-403

mated a condensate as a two-state system at equilibrium.404

Molecules inside biological condensates, even in single-405

component systems, are likely to exhibit a broad range406

of mobilities due to the complexity of underlying interac-407

tions [47, 48]. A natural next step would be to incorpo-408

rate more mobility states into the model. Nevertheless, a409

concise two-state model can capture the essential physi-410

cal principles underlying condensate exchange dynamics411

while remaining analytically tractable.412

The developed reaction-diffusion model can also be413

readily extended to describe multi-component systems.414

Condensates in living cells are complex assemblies of dis-415

tinct proteins and nucleic acids, which generally employ416

a scaffold-client framework [45, 46]. While our model fo-417

cused on the exchange dynamics of scaffold molecules,418

the same mathematical framework applies to client dy-419

namics, where client molecules can bind (low mobil-420
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FIG. 6. Experimental characterization of exchange dynamics
in DNA nanostar condensates. (a) Nanostar schematic. The
Y-shaped nanostar has 16-bp double-stranded arms shown in
blue, sticky ends with the palindromic sequence 5’-GCTAGC-
3’ in red, and non-complementary linkers with the sequence
5’-TT-3’ in gray that confer angular flexibility between arms.
The nanostars were first annealed in a low-salt solution, then
added to a higher salt solution at 37 °C to incubate conden-
sates, following the same protocol as in [58]. (b) Represen-
tative snapshots from a FRAP experiment of an R = 1µm
nanostar droplet. (c) FRAP recovery curves for droplets of
small sizes (R ≲ 1.5µm). (d) Exchange timescale versus
droplet radius for all droplets, fitted with a shifted quadratic
function of the form τ = a+ bR2, where a = 145.0±5.6 s and
b = 14.1± 0.7µm−2s. Error bars are defined at 3σ.

ity)/unbind (high mobility) to/from an equilibrated scaf-421

fold network. The model can also be used to predict422

the dynamics of condensates in the cell nucleus, where423

molecules diffusing within the condensate are also capa-424

ble of binding to/unbinding from DNA [63, 64].425

The newly discovered pathway involves molecules pass-426

ing through the pores of the meshwork and attach-427

ing/detaching directly within the condensate. In which428

systems, and for which molecules, would this pathway be429

favored and experimentally measurable? Because diffu-430

sion within the connected network for bound molecules431

is generally much slower than for unbound molecules, the432

essential requirement for this pathway to dominate is that433

the mesh size of the percolated network be comparable or434

larger than the size of the molecule of interest, ensuring435

a sufficiently high concentration of high-mobility species.436

It has been reported that the mesh size (or correlation437

length) for in vitro reconstituted condensates of purified438

LAF-1 protein is about 5 nm [65], while for reconstituted439

coacervates composed of two oppositely charged intrinsi-440

cally disordered proteins, histone H1 and prothymosin-α,441

it is about 3 nm [66]. More generally, we established a442

quantitative relationship between mesh size and concen-443

tration in a recent work, which suggests that conden-444

sates at physiologically relevant concentrations of 100 –445

400mg/ml exhibit mesh sizes ranging from 8 to 3 nm [67].446

Since protein sizes span the reported mesh size range, we447

expect the new pathway to be relevant to the exchange448

dynamics of many condensate systems, especially for con-449

densates of low scaffold molecule concentrations and for450

clients of small sizes.451

Fascinating soft matter systems in their own right,452

biomolecular condensates are also increasingly implicated453

in cellular physiology and disease [68, 69]. We hope that454

our work will motivate further theoretical and experimen-455

tal investigations into the complex dynamics in multi-456

component, multi-state condensates, shedding light on457

their functional roles and paving the way for applications458

in condensate bioengineering.459
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A. A. Hyman, Germline P granules are liquid droplets547

that localize by controlled dissolution/condensation, Sci-548

ence 324, 1729 (2009).549

[20] S. An, R. Kumar, E. D. Sheets, and S. J. Benkovic, Re-550

versible compartmentalization of de novo purine biosyn-551

thetic complexes in living cells, Science 320, 103 (2008).552

[21] A. M. Pedley, J. P. Boylan, C. Y. Chan, E. L. Kennedy,553

M. Kyoung, and S. J. Benkovic, Purine biosynthetic en-554

zymes assemble into liquid-like condensates dependent on555

the activity of chaperone protein HSP90, J. Biol. Chem.556

298, 101845 (2022).557

[22] M. Prouteau and R. Loewith, Regulation of cellu-558

lar metabolism through phase separation of enzymes,559

Biomolecules 8, 160 (2018).560

[23] H. Wang, F. M. Kelley, D. Milovanovic, B. S. Schuster,561

and Z. Shi, Surface tension and viscosity of protein con-562

densates quantified by micropipette aspiration, Biophys.563

Rep. 1, 100011 (2021).564

[24] I. Lifshitz and V. Slyozov, The kinetics of precipitation565

from supersaturated solid solutions, J. Phys. Chem. Solid566

19, 35 (1961).567

[25] C. Wagner, Theorie der alterung von niederschlägen568
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M. F. Nüesch, D. Nettels, R. B. Best, and B. Schuler,726

Extreme dynamics in a biomolecular condensate, Nature727

619, 876 (2023).728

[67] V. Grigorev, N. S. Wingreen, and Y. Zhang, Conforma-729

tional entropy of intrinsically disordered proteins bars730

intruders from biomolecular condensates, PRX Life 3,731

013011 (2025).732

[68] B. Wang, L. Zhang, T. Dai, Z. Qin, H. Lu, L. Zhang,733

and F. Zhou, Liquid–liquid phase separation in human734

health and diseases, Signal Transduct. Target. Ther. 6,735

290 (2021).736

[69] D. M. Mitrea, M. Mittasch, B. F. Gomes, I. A. Klein, and737

M. A. Murcko, Modulating biomolecular condensates: a738

novel approach to drug discovery, Nat. Rev. Drug Discov.739

21, 841 (2022).740

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 22, 2025. ; https://doi.org/10.1101/2025.05.16.654578doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.16.654578
http://creativecommons.org/licenses/by-nc-nd/4.0/

