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Single-molecule mechanicsDiffusion and transport inside the cell

Research overview: biophysical modeling of living systems

Condensate physical properties Condensate interacting with environment



Introduction: Biomolecular condensates are highly dynamic

https://animationlab.utah.edu/phase-separation



Biological motivation: Condensate dynamics is crucial for function

Bracha et al., Nat. Biotechnol.2019



Theoretical motivation: 

Classical theories often assume diffusion-limited processes, which may not be true

Droplet coarsening Merging

Ostwald ripeningtime 

𝑅  ~ 𝑡1/3



• Problem of interest: 

     The exchange dynamics of biomolecular condensates

• Part I:  FRAP experiment (LAF-1 protein condensates)

     Theory for exchange dynamics

     CG simulations 

     Conclusion

• Part II: Modified theory for exchange dynamics, a new mode of exchange

     FRAP experiment (DNA nanostar condensates)

     Conclusion

Outline:



• How long does it take for a droplet to refresh its material by exchanging 
with the dilute phase?

Guiding question:

droplet

dilute phase



• Fluorescence recovery after photobleaching (FRAP)
      Bleach the entire droplet 

              

       

                 
    

  
  
 
  
  

What controls the timescale of recovery?

Experimental methods to probe the exchange dynamics
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Initial condition: 𝑐 𝑟 < 𝑅, 𝑡 = 0 = 𝑐den

Boundary conditions:

Time evolution of bleached population:

Part I. Theory for FRAP exchange (v1)

Ned Wingreen       Andrew Pyo

              

       

                 

                 
              

        
      

Recovery time: 𝜏 =
𝑐den𝑅2

3𝑐dil𝐷dil
+

𝑅2

𝜋2𝐷den

FRAP recovery: 𝐼 𝑡 = 1 − 𝑒−𝑡/𝜏

Yaojun Zhang, ..., Ned Wingreen, eLife 2024



A surprising result from a FRAP experiment

Interface resistance? How to approach it?

FRAP recovery snapshots of a LAF-1 droplet

              

       

                 

                 
              

        
      

𝜏 =
𝑐den𝑅2

3𝑐dil𝐷dil
+

𝑅2

𝜋2𝐷den

𝑅 = 1μm

𝑐den/𝑐dil = 1190

𝐷den = 0.0017μm2/s

𝐷dil = 94 μm2/s

1 hour ≠  +     4 s 60 s

Howard Stone     Cliff Brangwynne

Taylor et al., BJ 2019 



interface conductanceInitial condition: 𝑐 𝑟 < 𝑅, 𝑡 = 0 = 𝑐den
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Boundary conditions:

Time evolution of bleached population:

Theory for whole droplet FRAP recovery (v2)

FRAP recovery: 𝐼 𝑡 = 1 − 𝑒−𝑡/𝜏

𝜏 =
𝑐den𝑅2

3𝑐dil𝐷dil
+

𝑅2

𝜋2𝐷den
+

𝑅

3𝜅
              

       

                 

                 
              

        
      



Application to FRAP experiment on a LAF-1 droplet 

FRAP recovery snapshots
              

       

                 

                 
              

        
      

𝑅 = 1μm

𝑐den/𝑐dil = 1190

𝐷den = 0.0017μm2/s

𝐷dil = 94 μm2/s

Taylor et al., BJ 2019 

𝜏 =
𝑐den𝑅2

3𝑐dil𝐷dil
+

𝑅2

𝜋2𝐷den
+

𝑅

3𝜅

⟹ 𝜅 = 10−4 μm/s

1 hour =  + +     4 s 60 s 3536 s



Physical intuitions on what makes a large interface resistance

Continuum estimate

𝜅0 ≈
𝐷den

𝛿

1

1 + 𝑐den/𝑐dil 𝐷den/𝐷dil

interface width

⟹ 𝜏int ≪ 𝜏dil + 𝜏den

interface

Lars Hubatsch, Stefano Bo, ..., Christoph Weber, 
Frank Julicher, bioRxiv 2024



Hung Nguyen, …, Dave Thirumalai, Nat. Chem., 2021

Can “bouncing” at the droplet interface potentially lead to a large 
interface resistance?

t

Dynamics of a single RNA molecule recruited into a droplet of (CAG)47



Sticker-spacer model setup

𝑈linker 𝑟 = −
1

2
𝐾𝑅0

2 ln 1 − 𝑟/𝑅0
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Interaction potentials:

Langevin dynamics:

റ𝑓𝑖(𝑡) റ𝑓𝑗(𝑡′) = 2𝛾𝑖𝑘B𝑇𝛿𝑖,𝑗𝐼𝛿(𝑡 − 𝑡′)
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A B one-to-one strong bond

LAMMPS: https://lammps.sandia.gov/



Extracting parameters from simulation

𝑅 = 37 nm

𝑐den/𝑐dil = 111

𝐷den = 0.013 μm2/s

𝐷dil = 17 μm2/s

𝜅 ≡ 𝑗+/𝑐den = 0.2 μm/sInterface flux = 𝑗+ − 𝑗− = 𝜅 𝑐 𝑅−, 𝑡 −
𝑐den

𝑐dil
𝑐 𝑅+, 𝑡

• Interface conductance 𝜅

𝑗+ =
𝑁

𝐴𝑇



𝑅 = 37 nm

𝑐den/𝑐dil = 111

𝐷den = 0.013μm2/s

𝐷dil = 17 μm2/s

𝜅 = 0.2 μm/s

FRAP recovery of A6B6 droplet is limited by interface flux

𝐼 𝑡 = 𝐴 1 − 𝑒−𝑡/(𝐴𝜏)

𝜏 =
𝑐den𝑅2

3𝑐dil𝐷dil
+

𝑅2

𝜋2𝐷den
+

𝑅

3𝜅

0.003 s 0.01 s 0.06 s0.071s  ≈  +               +

simulation theory



Scaling laws for the FRAP recovery time

full theory ~𝑅2

~𝑅

𝜏 =
𝑐den𝑅2

3𝑐dil𝐷dil
+

𝑅2

𝜋2𝐷den
+

𝑅

3𝜅

𝜅 = 0.2 μm/s vs 10−4 μm/s

Simulation vs experiment (LAF-1)



What controls the interface resistance? 

A B



               

 

 

  

  

x (nm)

t 
(m

s)
Bouncing

Bouncing at the interface can lead to a large interface resistance



Binding energy dependence of interface resistance 

A B 𝑈AB 𝑟 = −
1

2
𝑈0 1 + cos

𝜋𝑟

𝑟0
,  𝑟 < 𝑟0



Sequence dependence of interface resistance 



       
 

       
 

    

    

     

A6B6

       
 

       
 

    

    

     A10B6



A quick summary of Part I

• Exchange time

• “bouncing” at the droplet interface can lead to a large interface 
resistance 

𝜏 =
𝑐den𝑅2

3𝑐dil𝐷dil
+

𝑅2

𝜋2𝐷den
+

𝑅

3𝜅

              

       

                 

                 
              

        
      



Open questions

𝜅 = 0.2 μm/s vs 10−4 μm/s

Simulation vs experiment (LAF-1)

Lars Hubatsch, Stefano Bo, ..., Christoph Weber, 
Frank Julicher, bioRxiv 2024

Can electrostatic repulsion give rise to a barrier? 

𝜏 =
𝑐den𝑅2

3𝑐dil𝐷dil
+
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𝜋2𝐷den
+

𝑅
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Part II: Motivations for a modified physical picture

• Evidence from simulation 

A10B6

2 μm

• Evidence from experiment: 

Zeyu Shen, …, Hue Sun Chan, …, 
Mingjie Zhang, eLife 2023



A modified physical picture of dynamics in condensates

Ross Kliegman, ..., Yaojun Zhang, bioRxiv 2025



𝜕𝑐1(𝑟, 𝑡)

𝜕𝑡
= ∇ ∙ 𝐷1 𝑟 ∇𝑐1(𝑟, 𝑡) − 𝑐1(𝑟, 𝑡)

∇𝑐1
eq

(𝑟)

𝑐1
eq

(𝑟)
+ 𝑘 𝑐1

eq
(𝑟)𝑐2(𝑟, 𝑡)  − 𝑐2

eq
(𝑟)𝑐1(𝑟, 𝑡)

𝜕𝑐2(𝑟, 𝑡)

𝜕𝑡
= ∇ ∙ 𝐷2 𝑟 ∇𝑐2(𝑟, 𝑡) − 𝑐2(𝑟, 𝑡)

∇𝑐2
eq

(𝑟)

𝑐2
eq

(𝑟)
− 𝑘 𝑐1

eq
(𝑟)𝑐2(𝑟, 𝑡)  − 𝑐2

eq
(𝑟)𝑐1(𝑟, 𝑡)

A modified continuum model for condensate exchange dynamics

Ross Kliegman

Zhang lab @ JHU

Diffusion Reaction



Dissecting rate-limiting steps in condensate exchange dynamics

𝜅 = 𝑘 𝑐2dil 𝛿

𝜏 =
𝑐1den𝑅2

3𝑐2dil𝐷2dil
+

𝑅2

𝜋2𝐷eff
+

𝑅

3𝑘𝑐2dil𝛿 + 𝑘𝑐2den𝑅

𝜏 =
𝑐den𝑅2
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+
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𝐷eff = 𝐷1den +
𝑐2den

𝑐1den
𝐷2den





Bleached

Fluorescent

𝜏dil =
𝑅2𝑐1,den

3𝑐2,dil𝐷2,dil

Case 1: Dilute-phase diffusion-limited recovery



Bleached

Fluorescent

𝜏int =
𝑅

3𝑘𝑐2,dil𝛿

Case 2: Interface flux-limited recovery



1

Bleached

Fluorescent

𝜏1,den =
𝑅2

𝜋2𝐷1,den

Case 3: Species 1 dense-phase diffusion-limited recovery



2

𝜏2,den =
𝑅2𝑐1,den

𝜋2𝐷2,den𝑐2,den

Bleached

Fluorescent

Case 4: Species 2 dense-phase diffusion-limited recovery



Bleached

Fluorescent

𝜏con =
1

𝑘𝑐2,den

Case 5: Conversion-limited recovery



Distinct patterns for the FRAP recovery in different limits

• Dense phase diffusion limited

• Dilute phase diffusion limited, interface resistance, conversion limited 



𝜏 =
𝑐1den𝑅2

3𝑐2dil𝐷2dil
+

𝑅2

𝜋2𝐷eff
+

1

3𝑘𝑐2dil𝛿/𝑅 + 𝑘𝑐2den

𝐷eff = 𝐷1den +
𝑐2den

𝑐1den
𝐷2den

FRAP recovery timescale in the modified theory



Identify the rate limiting step in FRAP recovery of nanostar droplet

Schulman lab @ JHU

Rebecca Schulman

Eli Kengmana



Identify the rate limiting step in FRAP recovery of nanostar droplet

𝜏 =
1

𝑘𝑐2den
+

𝑅2

𝜋2𝐷eff

Unbound time = 145 s 

𝐷eff = 7.2 × 10−3 μm2/s



Summary of Part II

• A modified theory for exchange dynamics

• Condensate exchange dynamics can be conversion limited 

• Discussion about relevance of the conversion limited exchange dynamics

𝜏 =
𝑐1den𝑅2

3𝑐2dil𝐷2dil
+

𝑅2

𝜋2𝐷eff
+

𝑅

3𝑘𝑐2dil𝛿 + 𝑘𝑐2den𝑅
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